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 In recent years, the oil and gas industry has shifted its focus more towards 
unconventional shale reservoirs.  It has become apparent that these reservoirs require a 
significant amount of fracturing in order to be productive. This being the case, many analytical 
models have been developed over the years to predict the performance of these extensively 
naturally and hydraulically fractured reservoirs.  
This thesis presents an investigation of two analytical reservoir models for hydraulically 
fractured unconventional shale wells. The main focus of this research is to investigate the effect 
of the natural fracture network characteristics on the response from the two models. In addition, 
the sensitivity of each model to other input parameters was explored. Furthermore, this thesis 
also presents an attempt to match the responses generated by these two models. The two models 
are Al-Ahmadi’s triple porosity, dual fracture model that assumes slab matrix geometry and 
Apaydin’s dual porosity trilinear-flow model. The assumptions and geometric layouts of these 
models are described, and the pertinent equations behind these two models are provided with a 
calculation procedure outlined.  
Once the sensitivity runs were completed, it was found that both of the models were the 
most sensitive to the permeability and porosity of the matrix as well as the thickness of the 
formation. This makes sense because these parameters ultimately dictate the amount of oil/gas 
that exists as well as how easily it is able to flow through the system. Additionally, the natural 
fracture spacing/number of natural fractures in the model was the next most important variable in 
all cases. The natural/hydraulic fracture characteristics, as well as all of the other parameters that 
were tested, acted to change the time it took for each of the models to reach its absolute 
production limit. 
It was found, however, that any match between them would be entirely subjective. This is 
true despite the many modifications made to both of the models to make them as similar as 
possible. It was concluded that the two models are fundamentally different in how they represent 
the flow of hydrocarbons through fracture networks in hydraulically fractured unconventional 
shale wells. Overall, this research shows that different representations of the natural fracture 
network can significantly affect the production response.   
 iv 
TABLE OF CONTENTS 
ABSTRACT ................................................................................................................................ iii 
LIST OF FIGURES ..................................................................................................................... viii 
LIST OF TABLES ....................................................................................................................... xiv 
ACKNOWLEDGMENTS ........................................................................................................... xvi 
CHAPTER 1 INTRODUCTION ...................................................................................................1 
 1.1 Statement of Purpose ...............................................................................................2 
 1.2 Objectives ................................................................................................................3 
 1.3 Organization of Thesis .............................................................................................3 
CHAPTER 2 LITERATURE REVIEW ........................................................................................5 
CHAPTER 3 OVERVIEW OF AL-AHMADI’S TRIPLE POROSITY MODEL ......................13 
 3.1  Basic Assumptions of the Triple-Porosity Model ..................................................13 
 3.2  Fully Transient Flow Model with Slab Matrix Geometry .....................................13 
 3.3  Important Equations of the Analytical Model .......................................................14 
CHAPTER 4 OVERVIEW OF APAYDIN’S DUAL POROSITY MODEL ..............................23 
 4.1  Basic Assumptions of the Dual-Porosity Model ....................................................23 
 4.2  Spherical Matrix Geometry ....................................................................................23 
 4.3  Trilinear-Flow Model.............................................................................................25 
 4.4  Important Equations of the Analytical Model .......................................................27 
CHAPTER 5 MODEL SENSITIVITIES .....................................................................................38 
 5.1  Sensitivity Runs for Al-Ahmadi’s Triple Porosity Model (Gas Case) ..................38 
  5.1.1  Summary of Al-hmadi Model Sensitivities for a Gas Case .......................40 
 5.1.2  Al-Ahmadi Model Sensitivity Run for Formation Thickness                   
(Gas Case) ..................................................................................................41 
  5.1.3  Al-Ahmadi Model Sensitivity Run for Matrix Permeability  
   (Gas Case) ..................................................................................................41 
 5.1.4  Al-Ahmadi Model Sensitivity Run for Natural Fracture Spacing/     
Number of Natural Fractures (Gas Case) ...................................................41 
 v 
 5.1.5  Al-Ahmadi Model Sensitivity Run for Microfracture (Natural Fracture) 
Porosity (Gas Case)....................................................................................41 
  5.1.6  Al-Ahmadi Model Sensitivity Run for Hydraulic Fracture   
   Porosity (Gas Case)....................................................................................42 
 5.1.7  Al-Ahmadi Model Sensitivity Run for Hydraulic Fracture 
Spacing/Number of Hydraulic Fractures (Gas Case).................................42 
  5.1.8  Al-Ahmadi Model Sensitivity Run for Matrix Porosity   
   (Gas Case) ..................................................................................................43 
 5.1.9  Al-Ahmadi Model Sensitivity Runs for Hydraulic Fracture      
Permeability/ Microfracture (Natural Fracture) Permeability                 
(Gas Case) ..................................................................................................43 
  5.1.10  Additional Sensitivity Tests Using Low/High Formation Thickness as  
   Base Case ...................................................................................................43 
  5.1.11  Conclusions Regarding Al-Ahmadi’s Model Sensitvities (Gas Case) ......48 
 5.2  Sensitivity Runs for Al-Ahmadi’s Triple Porosity Model (Oil Case) ...................48 
  5.2.1  Summary of Al-Ahmadi Model Sensitivities for an Oil Case ...................49 
 5.2.3  Al-Ahmadi Model Sensitivity Run for Formation Thickness                     
(Oil Case) ...................................................................................................50 
 5.2.4  Al-Ahmadi Model Sensitivity Run for Natural Fracture Spacing/     
Number of Natural Fractures (Oil Case) ....................................................50 
 5.2.5 Al-Ahmadi Model Sensitivity Run for Microfracture(Natural Fracture) 
Porosity (Oil Case) .....................................................................................50 
 5.2.6  Al-Ahmadi Model Sensitivity Run for Hydraulic Fracture 
Spacing/Number of Hydraulic Fractures (Oil Case) ..................................51 
 5.2.7  Al-Ahmadi Model Sensitivity Run for Hydraulic Fracture Porosity (Oil 
Case) ..........................................................................................................55 
  5.2.8  Al-Ahmadi Model Sensitivity Run for Matrix Porosity   
   (Oil Case) ...................................................................................................51 
 5.2.9  Al-Ahmadi Model Sensitivity Runs for Hydraulic Fracture Permeability/ 
Microfracture (Natural Fracture) Permeability (Oil Case) ........................52 
  5.2.10  Conclusions Regarding Al-Ahmadi’s Model Sensitvities  (Oil Case).......56 
 vi 
 5.3  Sensitivity Runs for Apaydin’s Dual Porosity Model (Gas Case) .........................57 
  5.3.1  Summary of Apaydin’s Model Sensitivities for a Gas Case......................58 
  5.3.2 Apaydin Model Sensitivity Run for Matrix Porosity (Gas Case) ..............58 
  5.3.3  Apaydin Model Sensitivity Run for Formation Thickness (Gas Case) .....58 
  5.3.4  Apaydin Model Sensitivity Run for Matrix Permeability (Gas Case) .......58 
 5.3.5  Apaydin Model Sensitivity Run for Natural Fracture Spacing/Number      
of Natural Fractures (Gas Case) .................................................................59 
 5.3.6  Apaydin Model Sensitivity Run for Hydraulic Fracture Spacing/Number 
of Hydraulic Fractures (Gas Case) .............................................................59 
 5.3.7  Apaydin Model Sensitivity Run for Microfracture Permeability             
(Gas Case) ..................................................................................................59 
 5.3.8  Apaydin Model Sensitivity Run for Macrofracture Permeability (Gas 
Case) ..........................................................................................................60 
 5.3.9  Apaydin Model Sensitivity Run for Hydraulic Fracture Permeability      
(Gas Case) ..................................................................................................60 
 5.3.10 Apaydin Model Sensitivity Runs for Microfracture, Macrofracture, and 
Hydraulic Fracture Porosities (Gas Case) ..................................................61 
  5.3.11  Additional Sensitivity Tests Using Low/High Formation Thickness  
   as Base Case ...............................................................................................61 
  5.3.12  Conclusions Regarding Apaydin’s Model Sensitvities   
   (Gas Case) ..................................................................................................61 
 5.4  Sensitivity Runs for Apaydin’s Dual Porosity Model (Oil Case) ..........................67 
  5.4.1 Summary of Apaydin’s Model Sensitivities for an Oil Case .....................67 
  5.4.2  Apaydin Model Sensitivity Run for Matrix Porosity (Oil Case) ...............67 
  5.4.3  Apaydin Model Sensitivity Run for Formation Thickness (Oil Case) ......67 
  5.4.4  Apaydin Model Sensitivity Run for Matrix Permeability   
   (Oil Case) ...................................................................................................68 
 5.4.5  Apaydin Model Sensitivity Run for Natural Fracture Spacing/Number     
of Natural Fractures (Oil Case) ..................................................................68 
 5.4.6  Apaydin Model Sensitivity Run for Hydraulic Fracture Permeability     
(Oil Case) ...................................................................................................69 
 vii 
 5.4.7  Apaydin Model Sensitivity Run for Macrofracture Permeability            
(Oil Case) ...................................................................................................69 
 5.4.8  Apaydin Model Sensitivity Run for Hydraulic Fracture Spacing/Number 
of Hydraulic Fractures (Oil Case) ..............................................................69 
 5.4.9  Apaydin Model Sensitivity Run for Microfracture Permeability              
(Oil Case) ...................................................................................................70 
 5.4.10  Apaydin Model Sensitivity Runs for Microfracture, Macrofracture, and 
Hydraulic Fracture Porosities (Oil Case) ...................................................70 
  5.4.11  Conclusions Regarding Apaydin’s Model Sensitvitities (Oil 
   Case) ..........................................................................................................70 
      5.5  Application of Economics to Quantify Sensitivity Test Results ...........................75 
 5.6  Final Summary of Conclusions About the Sensitivities of the Two  
    Models....................................................................................................................79 
CHAPTER 6 MATCHING THE TWO DIFFERENT ANALYTICAL MODELS ....................80 
 6.1  Model Responses to Same Base Set of Input Parameters ......................................80 
 6.2  Overview of Simplified Version of Apaydin’s Dual Porosity Model ...................83 
 6.3  Steps Taken to Match Al-Ahmadi’s Triple Porosity Model to Simplified      
Version of Apaydin’s Dual Porosity Model ..........................................................88 
 6.4  Final Conclusions Regarding the Matching of Al-Ahmadi’s Triple Porosity   
Model and Apaydins Dual Porosity Model ...........................................................92 
CHAPTER 7 SUMMARY OF RESULTS, CONCLUSIONS, AND  
 RECOMMENDATIONS .......................................................................................93 
 7.1  Summary of Sensitivity Test Results for Each Model ...........................................93 
 7.2  Conclusions Regarding the Two Models ...............................................................96 
 7.3  Recommendations for Future Work.......................................................................98 
NOMENCLATURE.......................................................................................................................99 
REFERENCES CITED ..................................................................................................................99 
APPENDIX A ADDITIONAL SENSITIVITY RUNS FOR BOTH MODELS ........................106 
APPENDIX B SUMMARY TABLES FOR SENSITIVITY RUN RESULTS  
  FOR BOTH MODELS.........................................................................................112 
 
 viii 
LIST OF FIGURES 
Figure 2.1 Warren And Roots Idealization of Heterogeneous Porous Medium 
 (Warren and Root, 1963) .........................................................................................6 
 
Figure 2.2 Kazemi’s Idealization of a Naturally Fractured Heterogeneous Porous  
 Medium. Kazemi's Slab Model is noted as III, Warren and Roots 
 Sugar Cube Model is noted as II (Kazemi, 1969) ....................................................7 
 
Figure 2.3    Strata Model(Abdassah and Ershaghi, 1986)...........................................................8 
 
Figure 2.4    Block Model (Abdassah and Ershaghi, 1986) .........................................................8 
 
Figure 2.5 Dual Fracture Models. Model 1 can be seen on the right while Model 2 is  
 on the left.(Al-Ghambi and Ershaghi, 1996) ...........................................................9 
 
Figure 2.6 Bello and Wattenberger's Modified Slab Model Incorporating Hydraulic 
Fractures(Bello, 2009) ...........................................................................................10 
 
Figure 2.7    Ozkan and Brown's Trilinear Flow Model Schematic 
 (Brown et al.,2009) ................................................................................................11 
 
Figure 3.1    Plan-View Schematic of Al-Ahmadi's Triple Porosity Model ..............................14 
 
Figure 3.2  Gas Production Calculated By Al-Ahmadi's Triple Porosity Model  
 For Base Case Input Parameters Outlined In Table 3.3.1 ......................................21 
 
Figure 3.3 Cumulative Gas Production Calculated By Al-Ahmadi's Triple Porosity Model 
For Base Case Input Parameters Outlined In Table 3.3.1 ......................................21 
 
Figure 3.4  Oil Production Calculated By Al-Ahmadi's Triple Porosity Model  
 For Base Case Input Parameters Outlined In Table 3.3.1 ......................................22 
 
Figure 3.5 Cumulative Oil Production Calculated By Al-Ahmadi's Triple Porosity  
 Model For Base Case Input Parameters Outlined In Table 3.3.1 ..........................22 
 
Figure 4.1 Schematic of Apaydin's Spherical Matrix Assumption (2012) .............................24 
 
Figure 4.2 Parallel Slab Approximation of Microfractured Surface-Layer ............................24 
 
Figure 4.3 Schematic of Trilinear-Flow Model Assuuming Slab Matrix Geometry 
 (Brown et al., 2009) ...............................................................................................25 
 
Figure 4.4 Spherical Matrix Idealization in Trilinear-Flow Model .........................................26 
 
Figure 4.5 Gas Production Calculated By Apaydin's Dual Porosity Model For  
 Base Case Input Parameters Outlined In Table 4.4.1 ............................................36 
 ix 
Figure 4.6 Cumulative Gas Production Calculated By Apaydin's Dual Porosity  
 Model For Base Case Input Parameters Outlined In Table 4.4.1 ..........................36 
 
Figure 4.7 Oil Production Calculated By Apaydin's Dual Porosity Model For Base Case 
Input Parameters Outlined In Table 4.4.1 ..............................................................37 
 
Figure 4.8 Cumulative Oil Production Calculated By Apaydin's Dual Porosity  
 Model For Base Case Input Parameters Outlined In Table 4.4.1 ..........................37 
 
Figure 5.1 Tornado Chart Showing Al-Ahmadi's Triple Porosity Model  
 Sensitivities for a Gas Well (Ranked Most Sensitive (Top) to Least  
 Sensitive (Bottom)) ................................................................................................40 
 
Figure 5.2 Sensitivity Run for Formation Thickness - Al-Ahmadi's Triple  
 Porosity Model, Gas Case ......................................................................................44 
 
Figure 5.3 Sensitivity Run for Matrix Permeability - Al-Ahmadi's Triple Porosity Model, 
Gas Case.................................................................................................................45 
 
Figure 5.4 Sensitivity Run Natural Fracture Spacing/Number of Natural Fractures  
 - Al-Ahmadi's Triple Porosity Model, Gas Case ...................................................45 
 
Figure 5.5 Sensitivity Run for Microfracture (Natural Fracture) Porosity -  
 Al-Ahmadi's Triple Porosity Model, Gas Case .....................................................46 
 
Figure 5.6 Sensitivity Run for Hydraulic Fracture Porosity - Al-Ahmadi's Triple  
 Porosity Model, Gas Case ......................................................................................46 
 
Figure 5.7 Sensitivity Run for Hydraulic Fracture Spacing/Number of Hydraulic  
 Fractures- Al-Ahmadi's Triple Porosity Model, Gas Case ....................................47 
 
Figure 5.8  Sensitivity Run for Matrix Porosity - Al-Ahmadi's Triple Porosity  
 Model, Gas Case ....................................................................................................47 
 
Figure 5.9 Tornado Chart Showing Al-Ahmadi's Triple Porosity Model Sensitivities 
 for a Gas Well (Ranked Most Sensitive (Top) to Least Sensitive  
 (Bottom)) when the Formation Thickness is Set to 50 ft. ......................................48 
 
Figure 5.10 Tornado Chart Showing Al-Ahmadi's Triple Porosity Model Sensitivities  
 for a Gas Well (Ranked Most Sensitive (Top) to Least Sensitive  
 (Bottom)) when the Formation Thickness is Set to 500 ft. ....................................48 
 
Figure 5.11 Tornado Chart Showing Al-Ahmadi's Triple Porosity Model Sensitivities  
 for an Oil Well (Ranked Most Sensitive (Top) to Least  
 Sensitive (Bottom)) ................................................................................................52 
 
 x 
Figure 5.12 Sensitivity Run for Matrix Permeability - Al-Ahmadi's Triple Porosity  
 Model, Oil Case .....................................................................................................53 
 
Figure 5.13 Sensitivity Run for Formation Thickness - Al-Ahmadi's Triple Porosity  
 Model, Oil Case .....................................................................................................53 
 
Figure 5.14 Sensitivity Run for Natural Fracture Spacing/Number of Natural  
 Fractures - Al-Ahmadi's Triple Porosity Model, Oil Case ....................................54 
 
Figure 5.15  Sensitivity Run for Microfracture(Natural Fracture) Porosity -  
 Al-Ahmadi's Triple Porosity Model, Oil Case .......................................................54 
 
Figure 5.16   Sensitivity Run for Hydraulic Fracture Spacing/Number of Hydraulic  
 Fractures - Al-Ahmadi's Triple Porosity Model, Oil Case ......................................55 
 
Figure 5.17 Sensitivity Run for Hydraulic Fracture Porosity - Al-Ahmadi's Triple  
 Porosity Model, Oil Case .......................................................................................55 
 
Figure 5.18 Sensitivity Run for Matrix Porosity - Al-Ahmadi's Triple Porosity  
 Model, Oil Case .....................................................................................................56 
 
Figure 5.19 Tornado Chart Showing Apaydin’s Dual Porosity Model Sensitivities  
 for a Gas Well (Ranked Most Sensitive (Top) to Least Sensitive  
 (Bottom))................................................................................................................62 
 
Figure 5.20 Sensitivity Run for Matrix Porosity – Apaydin’s Dual Porosity  
 Model, Gas Case ....................................................................................................62 
 
Figure 5.21 Sensitivity Run for Formation Thickness – Apaydin’s Dual Porosity Model,  
 Gas Case.................................................................................................................63 
 
Figure 5.22 Sensitivity Run for Matrix Permeability – Apaydin’s Dual Porosity  
 Model, Gas Case ....................................................................................................63 
 
Figure 5.23 Sensitivity Run for Natural Fracture Spacing/Number of Natural  
 Fractures – Apaydin’s Dual Porosity Model, Gas Case ........................................64 
 
Figure 5.24 Sensitivity Run for Hydraulic Fracture Spacing/Number of Hydraulic  
 Fractures – Apaydin’s Dual Porosity Model, Gas Case ........................................64 
 
Figure 5.25 Sensitivity Run for Formation Microfracture Permeability – Apaydin’s  
 Dual Porosity Model, Gas Case .............................................................................65 
 
Figure 5.26 Sensitivity Run for Macrofracture Permeability – Apaydin’s Dual  
 Porosity Model, Gas Case ......................................................................................65 
 
 xi 
Figure 5.27 Sensitivity Run for Hydraulic Fracture Permeability – Apaydin’s Dual  
 Porosity Model, Gas Case ......................................................................................66 
 
Figure 5.28 Tornado Chart Showing Apaydin’s Dual Porosity Model Sensitivities  
 for a Gas Well (Ranked Most Sensitive (Top) to Least Sensitive  
 (Bottom)) when the Matrix Porosity is Set to 0.01 (fraction) ................................66 
 
Figure 5.29 Tornado Chart Showing Apaydin’s Dual Porosity Model Sensitivities  
 for a Gas Well (Ranked Most Sensitive (Top) to Least Sensitive  
 (Bottom)) when the Matrix Porosity is Set to 0.15 (fraction) ................................66 
 
Figure 5.30 Tornado Chart Showing Apaydin’s Dual Porosity Model Sensitivities  
for an Oil Well (Ranked Most Sensitive (Top) to Least Sensitive (Bottom)) .......71 
 
Figure 5.31 Sensitivity Run for Matrix Porosity – Apaydin’s Dual Porosity Model,  
 Oil Case ..................................................................................................................71 
 
Figure 5.32 Sensitivity Run for Formation Thickness – Apaydin’s Dual Porosity Model,  
 Oil Case ..................................................................................................................72 
 
Figure 5.33 Sensitivity Run for Matrix Permebility – Apaydin’s Dual Porosity  
 Model, Oil Case .....................................................................................................72 
 
Figure 5.34 Sensitivity Run for Natural Fracture Spacing/Number of Natural  
 Fractures – Apaydin’s Dual Porosity Model, Oil Case..........................................73 
 
Figure 5.35 Sensitivity Run for Hydraulic Fracture Permeability – Apaydin’s Dual  
 Porosity Model, Oil Case .......................................................................................73 
 
Figure 5.36 Sensitivity Run for Microfracture Permeability – Apaydin’s Dual  
 Porosity Model, Oil Case .......................................................................................74 
 
Figure 5.37 Sensitivity Run for Hydraulic Fracture Spacing/Number of Hydraulic  
 Fractures – Apaydin’s Dual Porosity Model, Oil Case..........................................74 
 
Figure 5.38 Sensitivity Run for Microfracture Permeability– Apaydin’s Dual  
 Porosity Model, Oil Case .......................................................................................75 
 
Figure 5.39 Summary of Net Present Value Analysis Sensitivity Results for  
 Apaydin’s Dual Porosity Model, Gas Case ...........................................................77 
 
Figure 5.40 Summary of Net Present Value Analysis Sensitivity Results for  
 Apaydin’s Dual Porosity Model, Oil Case ............................................................77 
 
Figure 5.41 Summary of Net Present Value Analysis Sensitivity Results for Al-Ahmadi’s 
Triple Porosity Model, Gas Case ...........................................................................78 
 xii 
 
Figure 5.42 Summary of Net Present Value Analysis Sensitivity Results for Al-Ahmadi’s 
Triple Porosity Model, Oil Case ............................................................................79 
 
Figure 6.1 Gas Production Response Comparison Between Al-Ahmadi's Triple Porosity 
Model and Apaydin's Dual Porosity Model ...........................................................81 
 
Figure 6.2 Cumulative Gas Production Response Comparison Between  
 Al-Ahmadi's Triple Porosity Model and Apaydin's Dual Porosity  
 Model .....................................................................................................................81 
 
Figure 6.3 Oil Production Response Comparison Between Al-Ahmadi's Triple Porosity 
Model and Apaydin's Dual Porosity Model ...........................................................82 
 
Figure 6.4 Cumulative Oil Production Response Comparison Between  
 Al-Ahmadi's Triple Porosity Model and Apaydin's Dual Porosity  
 Model .....................................................................................................................82 
 
Figure 6.5 Comparison of Apaydin's Dual Porosity Model With and Without the 
Microfractured Surface Layer for a Gas Case .......................................................85 
 
Figure 6.6 Comparison of Apaydin's Dual Porosity Model With and Without the 
Microfractured Surface Layer for an Oil Case ......................................................86 
 
Figure 6.7 Pseudopressure Drop and Logarithmic Derivative Response Generated  
 By Simplified Dual Porosity, Trilinear-Flow Model for Both Slab and  
 Spherical Matrix Assumptions (Ozkan et al., 2010) ..............................................87 
 
Figure 6.8 Comparison Between Apaydin's Dual Porosity Model Without Microfractured 
Surface Layer and Al-Ahmadi's Model with Equivalent Matrix Block  
 Thickness and Formation Thickness for a Gas Case .............................................88 
 
Figure 6.9 Comparison Between Apaydin's Dual Porosity Model Without Microfractured 
Surface Layer and Al-Ahmadi's Model with Equivalent Matrix Block  
 Thickness and Formation Thickness for a Gas Case .............................................89 
 
Figure 6.10 Comparison Between Matched Al-Ahmadi's Model and Apaydin's  
 Dual Porosity Model Without the Microfractured Layer for a Gas  
 Case ........................................................................................................................91 
 
Figure 6.11 Comparison Between Matched Al-Ahmadi's Model and Apaydin's  
 Dual Porosity Model Without the Microfractured Layer for an Oil  
 Case ........................................................................................................................91 
 
Figure 7.1 Comparison of Apaydin's Model With and Without Natural Fractures 
(Microfractures and Macrofractures) .....................................................................96 
 
 xiii 
Figure 7.2 Three Dimensional Graphical Representation for One Hydraulic Fracture  
 in Al-Ahmadi’s Triple Porosity Model ..................................................................97 
 
Figure 7.3 Three Dimensional Graphical Representation for One Hydraulic  
 Fracture in Apaydin’s Dual Porosity Model ..........................................................97 
 
Figure A-1 Sensitivity Run for Macrofracture Permeability - Al-Ahmadi's Triple  
 Porosity Model, Gas Case ....................................................................................106 
 
Figure A-2 Sensitivity Run for Hydraulic Fracture Permeability - Al-Ahmadi's  
 Triple Porosity Model, Gas Case .........................................................................107 
 
Figure A-3 Sensitivity Run for Macrofracture Permeability - Al-Ahmadi's Triple  
 Porosity Model, Oil Case .....................................................................................107 
 
Figure A-4 Sensitivity Run for Hydraulic Fracture Permeability - Al-Ahmadi's  
 Triple Porosity Model, Oil Case ..........................................................................108 
 
Figure A-5 Sensitivity Run for Microfracture Porosity – Apaydin’s Dual Porosity  
 Model, Gas Case ..................................................................................................108 
 
Figure A-6 Sensitivity Run for Macrofracture Porosity – Apaydin’s Dual Porosity  
 Model, Gas Case ..................................................................................................109 
 
Figure A-7 Sensitivity Run for Hydraulic Fracture Porosity – Apaydin’s Dual  
 Porosity Model, Gas Case ....................................................................................109 
 
Figure A-8 Sensitivity Run for Macrofracture Porosity – Apaydin’s Dual Porosity  
 Model, Oil Case ...................................................................................................110 
 
Figure A-9 Sensitivity Run for Macrofracture Porosity – Apaydin’s Dual Porosity 
 Model, Oil Case ...................................................................................................110 
 
Figure A-10 Sensitivity Run for Hydraulic Fracture Porosity – Apaydin’s Dual  
 Porosity Model, Oil Case .....................................................................................111 
 
 xiv 
LIST OF TABLES 
Table 3.1 Summary of Base Case Input Parameters Used In Figures 3.3.2 and   
  3.3.3 For Gas Case .................................................................................................20 
 
Table 4.1 Summary of Base Case Input Parameters Used In Figures 4.4.1 and   
 4.4.2 For Gas Case .................................................................................................35 
 
Table 5.1  Summary Table of Input Parameters Used to Test Sensitivities of   
 Each Model ............................................................................................................38 
 
Table 5.2 Base Set of Input Parameters Used in Sensitivity Runs for   
 Al-Ahmadi's Triple Porosity Model for a Gas Well ..............................................39 
 
Table 5.3    Base Set of Input Parameters Used in Sensitivity Runs for Apaydin’s  
Dual Porosity Model for a Gas Well…………………………………………….57 
 
Table 5.4 Summary of Input Parameters for Basic Economic Model ...................................76 
 
Table B-1 Summary of Cumulative Production Results for Sensitivity Cases  
 for Al-Ahmadi’s Triple Porosity Model, Gas Case .............................................112 
 
Table B-2 Summary of Cumulative Production Results for Sensitivity Cases  
 for Al-Ahmadi’s Triple Porosity Model, Oil Case ..............................................112 
 
Table B-3 Summary of Cumulative Production Results for Sensitivity Cases for  
 Apaydin’ Dual Porosity Model, Gas Case ...........................................................113 
 
Table B-4 Summary of Cumulative Production Results for Sensitivity Cases for  
 Apaydin’s Dual Porosity Model, Oil Case ..........................................................113 
 
Table B-5 Summary of Net Present Value Results for Sensitivity Cases for  
 Al-Ahmadi’s Triple Porosity Model, Gas Case ...................................................113 
 
Table B-6 Summary of Net Present Value Results for Sensitivity Cases for  
 Al-Ahmadi’s Triple Porosity Model, Oil Case ....................................................114 
 
Table B-7 Summary of Net Present Value Results for Sensitivity Cases for  
 Apaydin’s Dual Porosity Model, Gas Case .........................................................114 
 
Table B-8 Summary of Net Present Value Results for Sensitivity Cases for  
 Apaydin’s Dual Porosity Model, Oil Case ..........................................................114 
 
Table B-9 Summary of Cumulative Production Results for Additional Sensitivity  
 Cases for Al-Ahmadi’s Triple Porosity Model, Gas Case with Low  
Formation Thickness as the Base Case ................................................................114 
 
 xv 
Table B-10 Summary of Cumulative Production Results for Additional Sensitivity  
Cases for Al-Ahmadi’s Triple Porosity Model, Gas Case with High  
 Formation Thickness as the Base Case ................................................................115 
 
Table B-11 Summary of Cumulative Production Results for Additional 
 Sensitivity Cases for Apaydin’s Dual Porosity Model, Gas Case  
 with Low Matrix Porosity as the Base Case ........................................................115 
 
Table B-12 Summary of Cumulative Production Results for Additional  
 Sensitivity Cases for Apaydin’s Dual Porosity Model, Gas Case  










 First of all, I would like to thank my advisor and committee member, Dr. Todd Hoffman 
for all of his help and support throughout the entire development of this thesis. He helped me 
come up with the overall idea for this work and was always able to provide me with constructive 
feedback. I would also like to thank Dr. Erdal Ozkan for serving as the chair of my thesis 
committee and taking the time to sit down with me and answer my many questions. Also, I 
would like to thank him and Osman Apaydin for providing me with the FORTRAN code that 
allowed me to run the model that they developed together. Additionaly, I would like to thank Dr. 
Jennifer Miskimins for serving on my committee and providing me with feedback throughout the 
development of this thesis. I would also like to thank Hasan Al-Ahmadi for helping me 
understand various aspects of his model. 
 
 Additionally, I would like to thank the entire petroleum engineering department at the 
Colorado School of Mines for providing me with the best education I could ever hope for 
through both my undergraduate and graduate careers. 
 
 Finally, I would like to thank my family, friends, and fiancée Rachel, for their support 
and encouragement during the entire time I spent at the Colorado School of Mines. 
 1 
CHAPTER 1  
INTRODUCTION 
 
As more and more conventional oil and gas reservoirs reach depletion under current 
recovery methods, the petroleum industry has shifted its focus more towards unconventional 
reservoirs (Carey, 2012, Williams, 2012). For the most part, conventional reservoirs are mostly 
well-understood and relatively easy to produce. Conversely, unconventional reservoirs introduce 
many complex variables that have to be designed in order for them to be effectively and 
economically depleted.  These unconventional reservoirs are defined by the Society of Petroleum 
Engineers as being “accumulations that are pervasive throughout a large area” that are “not 
significantly affected by hydrodynamic influences” and “require specialized extraction 
technology”
 
(SPE PRMS, 2007). 
 





md) shale systems such as shale gas, shale oil, and coalbed methane 
(ETSAP, 2010).  
The main problem with these unconventional reservoirs is in the ultra low permeabilities 
of the matrix rock. It is commonly believed that large natural fracture systems provide most, if 
not all, of the flow capacity of these tight reservoirs (Warren and Root, 1963). However, over 
time these systems of natural fractures tend to close and shut off the flow paths in the reservoir 
(Hansford and Fisher, 2009). Therefore, despite the fact that these systems usually contain large 
amounts of hydrocarbons, there is no efficient flow system in place to allow for them to be 
extracted from the subsurface. This being the case, well stimulation techniques, such as large 
hydraulic fracturing treatments, are essential to the economic success of these unconventional 
wells (JPT, 2010). It is believed that these hydraulic fracturing treatments actually re-open the 
natural fracture networks in the vicinity of the wellbore, revitalizing the original flow system in 
the reservoir (Ozkan et al, 2011). 
With so much of the success of these unconventional wells relying on the ability of the 
hydraulic fractures to provide flow paths in the reservoir, the optimization of hydraulic fracturing 
designs is becoming more and more essential. Furthermore, as the demand for oil and gas 
throughout the United States increases, there is more and more stress on the industry to 
determine the best way to deplete these unconventional reservoirs as quickly and economically 
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as possible. Therefore, it is apparent that in order to optimize hydraulic fracturing designs, one 
must have a robust understanding of the natural fracture network present in the reservoir.  
 
1.1 Statement of Purpose 
 
Understanding the structure of the natural fracture network in a reservoir is a key part of 
hydraulic fracture design optimization. This being the case, many different analytical and 
numerical methods have been developed over the years to mathematically determine the 
optimum flowrate, based on a set of defined inputs, from a well in an unconventional system. 
The most basic of these inputs are the dimensions of an idealized natural fracture system made of 
geometric shapes that represent the matrix and gaps between them that represent the fractures. 
The historical development of these models will be discussed further in Chapter 2.  
 It is the intent of this research to first evaluate and compare two different analytical 
models for describing oil/gas flow in naturally fractured shale-gas reservoirs using real world 
well data. The first of these models will be a triple porosity model, developed by Hasan A. Al-
Ahmadi, that describes the reservoir as a system of matrix blocks that are interconnected by both 
“microfractures” and “macrofractures” (Al-Ahmadi, 2010).
 
The flow in this system is sequential, 
meaning that the hydrocarbons flow from the matrix to the microfractures, from the 
microfractures to the macrofractures, and from the macrofractures to the wellbore. The second 
model, developed by Osman Apaydin, is a dual-porosity model with the matrix being 
represented by a system of spheres that are connected by a network of macrofractures (Apaydin, 
2012). The matrix spheres consist of two layers: an inner layer that consists of matrix rock and 
possibly discontinuous microfractures that do not significantly contribute to flow and an outer 
layer that consists of both matrix rock and microfractures that are connected to the macrofracture 
network and therefore contribute to the flow capacity of the reservoir system. These two 
analytical methods will be discussed in more detail in Chapters 3 and 4.  
 Once these two models have been compared theoretically, each model will be used to run 
a pre-determined data set, and the responses will be presented and compared. Each model will 
then be run with multiple test cases to show each models sensitivity to certain inputs, with a 
focus on the matrix and fracture characteristics. These sensitivities will be presented and 





The objectives of this research are as follows: 
1. To review the traditional modeling techniques for naturally fractured reservoirs. 
2. To review two different analytical models for gas flow in unconventional shale gas 
reservoirs. 
3. To compare the two different analytical models theoretically. 
4. To determine each models sensitivity to certain input variables, with a focus on matrix 
and fracture characteristics. Conclusions about the effect of natural fracture 
characteristics have on oil and gas production can then be made. 
5. To see if the two models can be equated to each other. 
 
1.3 Organization of Thesis 
 
 This thesis is split up into 7 chapters with the organization as follows: 
 Chapter 1 provides a brief introduction that describes what constitutes an unconventional 
reservoir as well as discusses the engineering issues associated with them. This chapter also 
provides the reasoning behind the research conducted in this thesis. 
 Chapter 2 presents a detailed literature review that covers the historical development of 
the mathematical modeling techniques that are used to describe hydrocarbon flow in naturally 
fractured reservoirs over the years. 
 Chapter 3 discusses Al-Ahmadi’s triple porosity analytical model for describing gas flow 
in naturally fractured shale gas reservoirs in great detail. All assumptions in the model are 
provided as well as the derivations of the relevant equations. 
 Chapter 4 describes Apaydin’s dual porosity analytical model for describing gas flow in 
naturally fractured shale gas reservoirs. Again, all assumptions of the model as well as all 
pertinent derivations are discussed.  
 Chapter 5 will outline how sensitive each model is to certain ranges of parameters. The 
characteristics of a base case and multiple sensitivity cases will be given.  The responses of 
running these cases using each model will be presented. Based on these sensitivities, conclusions 
about the models are made  
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 Chapter 6 presents a brief comparison of the mechanics/theory of each of the models and 
will discuss a procedure to equate the response of each model using a determined set of inputs. 
Reasons for differences the two models are presented. 








 LITERATURE REVIEW 
 
Since the production of oil and gas became commercial in the late 19
th
 century, there has 
been great interest in developing mathematical models that can accurately describe the flow of a 
fluid in a porous media.  The mathematical modeling can be done in one of two ways, numerical 
modeling or analytical modeling (Apaydin, 2012). While numerical modeling is more suitable 
for more complex hydrocarbon flow systems, analytical modeling methods can be used to 
quickly describe the flow of a single-phase fluid in a mostly homogenous matrix. (Apaydin, 
2012) Ultimately, these mathematical models can be used to determine the performance of a well 
given a set of input parameters, mostly consisting of rock and fluid properties. Analytical models 
are more suitable for this research because they can be used to quickly determine the effect of 
various reservoir characteristics on oil/gas production. 
As early analytical models were being developed, it became apparent that factors other 
than effective porosity and absolute permeability needed to be included to accurately 
characterize even the most basic single-phase systems (Warren and Root, 1963). This issue 
became even more evident as the idea of natural fracture networks came into play. In order 
incorporate the existence of natural fractures in traditional analytical reservoir modeling, dual 
porosity models were introduced. The idea of a dual porosity model, which assumes the 
pseudosteady state flow of a fluid between a system of matrix blocks and fractures, was first 
developed by Barenblatt et al. in 1960 to characterize the seepage of liquid in “fissured” rock. In 
fact, this was the first model to incorporate a differential pressure between what he calls 
“fissures” and the pore space in rock to explain the transfer of fluid between the two media 
(Barenblatt, 1960). 
In 1963, Warren and Root brought Barenblatt’s model to the world of petroleum 
engineering in order to characterize reservoirs that “contain regions which contribute 
significantly to the pore volume of the system but contribute negligibly to the flow 
capacity”(Warren and Root, 1963). Their dual porosity model idealized the naturally fractured 
reservoir as a system of stacked cubes, representing the matrix blocks, with gaps between them 
representing the fracture network. Two types of porosity were then defined, primary porosity and 
secondary porosity. The primary porosity was the more conventional idea of porosity, where the 
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intergranular pore space is created by deposition and lithification. The secondary porosity 
accounted for the additional pore space created by natural fractures. The matrix blocks 
represented the primary porosity of the system, which was assumed to be both homogeneous and 
isotropic. The fracture system surrounding the matrix blocks were assumed to be a continuous 
network of orthogonal fractures. The flow of a pseudosteady state fluid was assumed to occur 
between the primary and secondary porosity, being pushed through the system by differential 
pressure. However, it was assumed that fluid could not flow within the primary porosity. In 
addition, the model incorporated two new parameters, ω and λ, in order to distinguish a dual 
porosity reservoir from a traditional homogenous one. The ω term characterizes the flow 
capacitance of the fracture network while the λ term is a measure of the heterogeneity in the 
reservoir. This model is famously known as the “sugar cube” model in petroleum literature.  




In 1969, Kazemi expanded the work done on dual porosity analytical modeling by 
assuming transient, or unsteady state, flow between the matrix and the fracture network. 
(Kazemi, 1969) Instead of the famed “sugar cube” model, Kazemi introduced a system of 
horizontally stacked matrix layers being divided by a set of horizontal fractures. This model 
came to be known as the “slab” dual porosity model. He theorized that the matrix layers 
accounted for most, if not all, of the hydrocarbon storage capacity in the reservoir, but had very 
low capacity for flow. Inversely, he theorized that the fracture network had very little ability to 
store hydrocarbons, but accounted for the majority of the flow capacity in the system. This 
model assumed single-phase flow into a centrally located well in a finite circular reservoir. The 
Figure 2.1  Warren And Roots Idealization of Heterogeneous Porous 
Medium(Warren and Root, 1963) 
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flow was also assumed to occur in both the radial and the vertical directions. Again, the both the 
matrix blocks and the fracture networks were assumed to be homogeneous and isotropic. Kazemi 
found results very similar to Warren and Root’s, with the only deviations occurring during the 
transition period of the flow of liquid from the matrix to the fracture network. Please refer to 




The drawback of these original dual porosity models was that they assumed that all of the 
matrix blocks were homogeneous. To negate some of the inconsistencies created by assuming 
uniform rock properties over a large area, Liu developed the idea of triple porosity modeling 
(Liu, 1981, 1983). Liu’s triple porosity model considered a system that included two separate 
matrix blocks, with different characteristics, and a system of fractures. Again, it was assumed 
that the fluid flow occurred in a radial pattern under unsteady state conditions. 
Abdassah and Ershaghi (1986) brought triple porosity modeling to the petroleum 
literature. Their reasoning behind developing triple porosity models was that slope changes were 
occurring during the transition period between fracture dominated flow and matrix-fracture 
dominated flow on traditional semi-log pressure vs. time plots. The traditional dual-porosity 
models simply could not describe these anomalies. Therefore, to account for these anomalies, 
they proposed that two types of matrix systems must exist in the reservoir. Moving forward, they 
developed two different models that both incorporated two distinct matrix systems flowing into 
one fracture. The first model, named the strata model, consisted of a system of stacked matrix 
Figure 2.2   Kazemi’s Idealization of a Naturally Fractured 
Heterogeneous Porous Medium. Kazemi's Slab Model is noted as III, 
Warren and Roots Sugar Cube Model is noted as II (Kazemi, 1969) 
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blocks separated by horizontal fractures. This model was similar to Kazemi’s slab model, but 
there were two different matrix systems being alternated between the fractures. The other model, 
known as the uniformly distributed block model, was similar to Warren and Root’s cube model, 
but again included two different matrix systems. Similar to Kazemi, they assumed unsteady state 
fluid flow in each model. Fluid flow in the strata model was assumed to occur in the lateral 
direction between the blocks.
 
Conversely, the fluid flow in the block model was assumed to 
originate at the center of the block and disperse out in a spherical manner. Using their models 
and semi-log pressure vs. time plots, they concluded that these transition periods could be 
characterized by ratios of the ω and λ of each matrix block. It was also noted that wellbore 
storage and skin can make it difficult to identify the initial fracture dominated flow period. 
Please refer to Figure 2.3 and Figure 2.4 below for graphical representations of the strata model 
and the block model, respectively.   
 
                 Figure 2.3   Strata Model (Abdassah and Ershaghi, 1986) 
 
 
Figure 2.4   Block Model (Abdassah and 
Ershaghi, 1986) 
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It wasn’t until 1996 that Al-Ghamdi and Ershaghi introduced a triple porosity model that 
incorporated one matrix system and two distinct fracture networks (Al-Ghambi and Ershaghi, 
1996). This iteration of the triple porosity assumption is known as the dual fracture model.
 
One 
of the fracture networks was described as a more permeable macrofracture network while the 
other was described as a less permeable microfracture network. Again, two slightly different 
models were developed under this dual fracture assumption. Model 1 is similar to the traditional 
triple porosity model but one of the matrix systems is substituted with a network of 
microfractures.
 
This model assumes that both the matrix and microfracture network feed the 
microfractures, but no flow occurs between them.
 
Model 2 involved the sequential flow of 
hydrocarbons from the matrix to the microfracture, and from the microfractures to the 
macrofractures, all under pseudosteady state. Furthermore, both the microfractures and the 
macrofractures were able to transport fluid into the wellbore. Please refer to Figure 2.5 for a 
schematic of these two models. These models were then used to develop several semi-log 
pressure vs. time plots under various assumptions of λ and ω for the matrix and the two fracture 
networks. These plots were used to determine the how the pressure reacts to the contribution 
from either the microfractures or the macrofractures, in addition to the matrix. It was observed 
that the pressure response of the matrix system was similar to that of the matrix, leading to the 
possibility of misinterpretation of the data. The authors concluded that by including multiple 
fracture networks rather than multiple matrix systems, a more realistic visualization of naturally 
fractured networks was created. In 2004, Dreier improved upon this dual fracture model by 
integrating linear transient flow between the microfractures and the macrofractures (Drier, 2004). 
 
 
Figure 2.5   Dual Fracture Models. Model 1 can be seen on the right while Model 2 is on the left. (Al-Ghambi and 
Ershaghi, 1996) 
 
The more these triple porosity models were developed, the more apparent their 
mathematical complexities became. Thus, more simplified dual-porosity models were developed. 
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In order to characterize the many possible instances of transient flow in linear naturally fractured 
reservoirs, El-Banbi (1998) introduced a catalog of several dual porosity solutions. Each solution 
that was created assumed different inner and outer boundary conditions for the modeled 
reservoir. In order to simplify the mathematics, all of these solutions were derived in Laplace 
space, similar to dual and triple porosity models of the past.  
 Utilizing these models, Bello and Wattenbarger applied linear-flow dual porosity models 
to naturally fractured shale reservoirs with multiple stage hydraulic fracturing treatments (Bello, 
2009; Bello and Wattenbarger, 2011). In order to characterize this type of reservoir, a modified 
slab model was used. Similar to the traditional slab model, the matrix is represented by a system 
of rectangular prisms (slabs) separated by a system of fractures. The hydraulic fractures are 
incorporated into the model by adding an additional fracture that bisects the existing fracture 
network. A schematic of this modified slab model can be seen in Figure 2.6. Using El-Banbi’s 
numerous dual porosity solutions for linear reservoirs, analytical models were developed based 
on this modified slab model assumption. By matching their models to real world production data, 
they discovered five distinct flow regimes; however, it was determined that transient linear flow 





Ozkan et al. (2009) and Brown et al. (2009) developed a tri-linear flow model for a 
multistage hydraulically fractured horizontal wellbore inside a Stimulated Reservoir Volume, or 
SRV.  The model consisted of finite conductivity hydraulic fractures being fed by the fractured 
dual-porosity inner reservoir, described as the SRV, and a non-fractured outer reservoir. Please 
refer to Figure 2.7 for a graphical representation of this model. It was assumed that linear flow 
existed between each of the three systems. The idea behind this SRV is that the hydraulic 
Figure 2.6   Bello and Wattenberger's Modified Slab Model 
Incorporating Hydraulic Fractures(Bello, 2009) 
 11 
fractures are re-opening the existing natural fracture networks in the reservoir. Furthermore, it is 
assumed that this SRV exists between the wellbore, where the hydraulic fractures are initiated, 
and the tips of the hydraulic fractures. Due to the extremely low permeabilities that exist in shale 
gas reservoirs, the rejuvenation of the natural fracture network significantly increases the flow 
capacity of the matrix, allowing for flow into the highly conductive hydraulic fractures and on to 
the wellbore. Therefore, in order to maximize the effect of the natural fractures, it was concluded 
that focusing on increasing the density of hydraulic fractures is more important than creating the 
highest conductivity possible. This is the case because the flow capacity of the natural fracture 
network and therefore the matrix is the limiting factor in the reservoir. In other words, if the flow 
capacity of the system is reached, any additional conductivity in the hydraulic fracture is 
essentially useless. In the end, Ozkan and Brown both concluded that the non-fractured outer 
reservoir contributed very little to the flow into the hydraulically fractured reservoir, at least not 
until very long production times. This conclusion that only the SRV contributes to flow in an 
ultra-tight reservoir in certainly reflected in the massive multistage hydraulic fracturing 





 In 2011, Al-Ahmadi (2010, 2011) introduced the triple porosity, dual fracture model that 
is to be used in this paper. His triple porosity model included natural fractures and hydraulic 
fracture as the microfracutures and macrofractures, respectively. Again, the idea of sequential 
Figure 2.7   Ozkan and Brown's Trilinear Flow Model Schematic 
(Brown et al.,2009) 
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flow is utilized, but now transient flow is assumed between each of the porous mediums. 
Furthermore, Al-Ghamdi et al. (2011) introduced another triple porosity model that incorporated 
both connected natural fractures and non-connected vugs. This model was capable of handling 
different combinations of matrix, natural fracture, and vugular porosity, but did not incorporate 
hydraulic fractures. In 2012, Tivayanonda et al. simplified Al-Ahmadi’s triple porosity model 
into a dual porosity model in order to make the model a more practical reservoir modeling tool.
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CHAPTER 3  
OVERVIEW OF AL-AHMADI’S TRIPLE POROSITY MODEL 
 
This chapter provides all of the relevant information about Al-Ahmadi’s triple porosity 
model. To begin, all of the basic assumptions of the model are outlined. The  slab matrix 
geometry will be explained and a schematic of the triple porosity flow system will be given and 
described. Then, the pertinent information of fully transient flow triple porosity model will be 
provided. All of the relevant equations used in the model to calculate the oil/gas flowrate in a 
constant pressure situation for a hydraulically fractured shale gas well are given. Finally, all of 
the nomenclature used in these calculations is defined.  
 
3.1 Basic Assumptions of the Triple-Porosity Model 
 As described by Al-Ahmadi’s thesis (2010) and the basic assumptions of his triple 
porosity model for hydraulically fractured shale gas wells are as follows: 
1. Model represents a fully penetrating horizontal well at the center of a closed rectangular 
reservoir producing at a constant pressure 
2. The triple porosity system consists of the following porous medium: 
a. Matrix block (idealized as slabs) 
b. Less permeable microfractures 
c. More permeable macrofractures 
3. Each medium is homogeneous and isotropic 
4. Flow is sequential from matrix to microfractures and microfractures to macrofractures, 
and macrofractures to the wellbore 
5. Flow of gas is handled using pseudopressure transformation (described below) 
6. Hydraulic fractures replace the macrofractures in the model 
  
3.2 Fully Transient Flow Model with Slab Matrix Geometry  
 In Al-Ahmadi’s triple porosity model, the matrix is idealized as rectangular slabs that are 
separated by both a microfracture system and a macrofracture system (Figure 3.1). This is a top-
view schematic of the flow system. Lf  represents the spacing of the microfractures while LF 
represents the spacing of the hydraulic fractures. The total drainage area is characterized by two 
dimensions. The xe represents the length of the drainage area and can be thought of as the length 
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of the horizontal well that is drilled in the reservoir. The ye represents the half-width of the 
drainage area and is confined by the half-length of the hydraulic fracture on either side of the 
horizontal wellbore. Each matrix slab is divided into four regions, with the gas flowing into the 
nearest microfracture and then to the nearest macrofracture. 
As described above, this triple porosity model assumes sequential flow. This means that 
the flow originates from the matrix blocks and flows into the microfracture network. From the 
microfracture network, the oil/gas flows into the macrofracture network. Finally, the oil/gas 
flows from the macrofracture network and into the horizontal wellbore. The arrows in the 
schematic represent this sequential flow system.  
 
Figure 3.1   Plan-View Schematic of Al-Ahmadi's Triple Porosity Model 
 
 In Al-Ahmadi’s thesis, four different models were derived that assumed different 
combinations of either pseudosteady state or transient flow conditions between the three porous 
mediums. Upon developing and testing these four models, it was shown that the fully transient 
model seemed to be the most consistent with real world shale wells. This being the case, the fully 
transient flow triple porosity model will be used to describe the flow in a hydraulically fractured 
horizontal shale gas well in this current work. The important equations of the model needed to 
calculate the flowrate under constant pressure conditions are described in the next section. For 
derivations of the fully transient flow model, please refer to Al-Ahmadi’s thesis (2010). 
 
3.3 Important Equations of the Analytical Model 
 This section outlines all of the pertinent equations used in Al-Ahmadi’s triple porosity 
model for hydraulically fractured shale gas wells. By working through the following equations, 
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oil/gas flowrates can be determined based on a set of reservoir and fluid properties. To begin, for 
a constant pressure case, the dimensionless flowrate is defined in Laplace space below. This 
dimensionless flowrate is calculated at the wellbore and therefore includes the flow from the 
matrix to the microfractures, from the microfractures to the hydraulic fractures, and from the 
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                          – Laplace transformation parameter 
                            – dimensionless drainage area half-width 
 
The    term is the flow choking skin caused by the flow of oil/gas converging at the 
opening of the hydraulic fracture and is defined below. This skin term was added to Al-Ahmadi’s 
model because the flow choking skin can have a significant effect on oil/gas flowrates into the 
wellbore.  
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   - formation thickness (ft) 
    – wellbore radius (ft) 
     – hydraulic fracture permeability (md) 
     – hydraulic fracture width (ft) 
     – microfracture width (ft) 
     – microfracture(natural fracture) permeability (md) 
     – number of microfractures 
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 The fracture function describing the flow between the microfractures (natural fractures) 
and the macrofractures,     ,  is defined as 
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       – dimensionless interporosity flow parameter between the 
microfractures and the hydraulic fractures 
     – dimensionless storativity ratio of the hydraulic fractures 
  
 The fracture function describing the flow between the microfractures and the matrix, 
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                    – dimensionless interporosity flow parameter between the 
microfractures and the matrix 
                – dimensionless storativity ratio for the microfractures 
                – dimensionless storativity ration for the matrix 
 
 The storativity ratios for each of the three porous media are described as 
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   where 
 
        – total compressibility of the microfractures (psi
-1
) 
    – total compressibility of the hydraulic fractures (psi
-1
) 
    – total compressibility of the matrix (psi
-1
) 
    – total compressibility of the total system (psi
-1
) 
   – microfracture porosity (fraction) 
   – hydraulic fracture porosity (fraction) 
   – matrix porosity (fraction) 
   – total system porosity (fraction) 
   – dimensionless bulk volume fraction for microfractures 
   – dimensionless bulk volume fraction for hydraulic fractures 
   – dimensionless bulk volume fraction for matrix 
   – dimensionless bulk volume fraction for total system 
 
 These dimensionless bulk volume fractions are defined as 
 
            
    
   
                
  
 
                
  
 
                             
 
 
 The interporosity flow parameters are defined as 
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   where 
 
        – cross-sectional area open to flow (ft
2
) 
       – microfracture permeability 
       – hydraulic fracture permeability 
   – matrix permeability 
   – microfracture spacing (ft) 
   – hydraulic fracture spacing (ft) 
   – width of microfractures 
   – width of macrofractures 
   – width of matrix block 
   
 The cross-sectional area open to flow,    , is defined as 
  
                 
   
        where 
       - formation thickness (ft) 
             – drainage area length or distance between outermost hydraulic 
fractures 
 
 The dimensionless slab model dimensions are defined as 
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Once the dimensionless oil/gas flowrate,    ̅̅ ̅̅̅, has been calculated, it has to be inverted 
from Laplace space. This was achieved using a numerical inversion algorithm for Laplace 
transforms developed by Stehfest (1970). Once the dimensionless flowrate,    , is out of 
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Laplace space, the following pseudopressure transformation, as presented by Al-Hussainy 
(1966), was applied to both the initial reservoir pressure and the flowing wellbore pressure. 
 








 After all of these calculations are complete, it is possible to calculate the oil/gas flowrate 
using the following equations 
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                  – initial reservoir pressure converted to a pseudopressure 
             (   ) – bottomhole flowing pressure converted to a pseudopressure 
               – reservoir temperature (°F) 
             B – formation volume factor for oil (rb/stb) 
             μ – viscosity of fluid (cp) 
 
 FORTRAN code was developed to utilize the equations above to calculate the response 
of Al-Ahmadi’s triple porosity model for a given set of inputs. These oil/gas flowrate 
calculations can be compiled into a simple table of flowrate vs. time. From there, traditional gas 
flowrate vs. time plots can be created. The gas flowrate and cumulative gas production plots 
generated by Al-Ahmadi’s model for a base set of input parameters are shown in Figure 3.2 and 
Figure 3.3, respectively. Table 3.1 describes this base set of input parameters. The oil flowrate 
and cumulative oil production plots generated by Al-Ahmadi’s model are also shown in Figure 
3.4 and Figure 3.5, respectively. For the oil case, the base input parameters are the same except 
for the fluid viscosity equaling 1.2 and the formation volume factor of oil, Bo, being included. 
These figures provide a general representation of what the response of Al-Ahmadi’s model 
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should look like. It is important to note here that the data being used in the models is entirely 
synthetic and meant to represent a tight shale gas/oil reservoir. 
 
 
Table 3.1   Summary of Base Case Input Parameters Used In Figures 3.2 and 3.3 For Gas Case 
  
Parameter Value Unit
Reservoir Thickness, h 250 ft
Fluid Type (1 for Oil, 2 for Gas) 2 -
Production Scenario (1 for Constant Rate, 2 for Constant Pressure) 2 -
Reservoir Temperature, T 200 °F
Bottomhole Flowing Pressure, P wf 500 psi
Initial Reservoir Pressure, P in 3800 psi
Fluid Viscosity, μ 0.0184 cp
Total Compressibility, c t 2.50E-04 psi
-1
Molecular Weight of Gas, M g 16 lbm/lbm-mol
Specific Gravity of Gas, S.G. 0.6 -
Parameter Value Unit
Drainage Area Length (Perforated Horizontal Well Length), x e 4500 ft
Drainage Area Half Width (Hydraulic Fracture Half-Length), y e 250 ft
Number of Hydraulic Fractures, n F 10 -
Matrix Total Compressibility, c tm 2.50E-04 psi
-1
Matrix Porosity, φm 0.05 fraction
Width of Matrix Block, w m 12.5 ft
Number of Matrix Blocks/Microfractures 5 -
Matrix Permeability, k m 1.00E-06 md
Microfracture Spacing, L f 12.5 ft
Microfracture Width, w f 5.00E-04 ft
Microfracture Total Compressibility, c tf 2.50E-04 psi
-1
Microfracture Porosity, φf 0.45 fraction
Microfracture Permeability, k f 2.00E+03 md
Hydraulic Fracture Spacing, L F 500 ft
Hydraulic Fracture Width, w F 0.01 ft
Hydraulic Fracture Total Compressiblity, c tF 2.50E-04 psi
-1
Hydraulic Fracture Porosity, φF 0.38 fraction
Hydraulic Fracture Permeability, k F 1.00E+05 md
Universal Model Parameters
Parameters Specific to Al-Ahmadi's Model
 21 
 
Figure 3.2   Gas Production Calculated By Al-Ahmadi's Triple Porosity Model For Base Case Input Parameters Outlined 





Figure 3.3   Cumulative Gas Production Calculated By Al-Ahmadi's Triple Porosity Model For Base Case Input 
Parameters Outlined In Table 3.1  
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Figure 3.4   Oil Production Calculated By Al-Ahmadi's Triple Porosity Model For Base Case Input Parameters Outlined 





Figure 3.5   Cumulative Oil Production Calculated By Al-Ahmadi's Triple Porosity Model For Base Case Input 
Parameters Outlined In Table 3.2 
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CHAPTER 4 
OVERVIEW OF APAYDIN’S DUAL POROSITY MODEL 
 
This chapter provides all of the pertinent information about Apaydin’s dual-porosity 
model. First, the basic assumptions of the model are outlined, and an explanation of the spherical 
matrix idealization is provided. A more detailed overview of the trilinear-flow model, developed 
by Ozkan et al. and Brown et al. (2009), will be given as it is used in Apaydin’s model. All 
important and relevant equations used in the model to calculate the flowrate of oil and gas in a 
hydraulically fractured shale reservoir are provided. Finally, all of the nomenclature used in the 
equations is given. 
 
4.1 Basic Assumptions of the Dual-Porosity Model 
 As described in Apaydin’s dissertation, the basic assumptions of his dual-porosity model 
for a multiple fractured horizontal well within a Stimulated Reservoir Volume (SRV) are as 
follows: 
1. Fluid is single phase and flow is isothermal 
2. The permeability tensor is assumed to be isotropic 
3. Reservoir has both homogenous and naturally fractured segments 
4. Linear-equivalent fluid flow is assumed 
5. Pseudopressure transformation is used to incorporate gas flow 
6. Spherical matrix geometry 
 
4.2 Spherical Matrix Geometry 
 Apaydin’s dual porosity model represents the matrix blocks as a system of concentric 
spheres. The inner sphere represents the core of the matrix block. This matrix is consistent with 
homogenous matrix block assumptions of the past. It is possible for this inner core to have 
microcracks, but they are assumed to be discontinuous and therefore do not contribute 
significantly to the flow capacity of the matrix block. The outer sphere consists of the same 
homogenous matrix material and discontinuous microfractures. However, this time these 
discontinuous microcracks are connected to the macrofracture network. This outer sphere can be 
pictured as a crust that adds significant permeability enhancements to the inner core. Please refer 
to Figure 4.1 below for a schematic of this spherical matrix idealization. 
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Figure 4.1   Schematic of Apaydin's Spherical Matrix Assumption (2012) 
 
 To calculate the flow in this spherical matrix block, equations were developed to 
characterize the flow in the matrix core and the flow in the microfractured outer layer. The 
solutions were then coupled at the boundary between the inner core and microfractured outer 
surface layer. It is assumed that the microcracks in the surface layer form a continuous fracture 
medium consisting of equally spaced fractures. This being the case, it is then assumed that the 
surface layer can be modeled as a dual porosity medium, with the flow capacity being entirely 
governed by the microfractures. Furthermore, by assuming that thickness of the surface-layer is 
much smaller than the radius of the inner matrix-core, the surface layer can then be represented 
by slabs in parallel in a linear flow system. This approximation can be seen in Figure 4.2 below. 




Figure 4.2   Parallel Slab Approximation of Microfractured Surface-Layer 
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4.3 Trilinear-Flow Model  
 To characterize the flow between the dual-porosity spherical matrix, the hydraulic 
fractures, and the horizontal wellbore, a trilinear-flow model (Ozkan et al. and Brown et al., 
2009) was used. As this is a major component of the dual-porosity model, it is important to detail 
the specifics of the model. This trilinear-flow model considers linear flow between three 




Figure 4.3   Schematic of Trilinear-Flow Model Assuuming Slab Matrix Geometry(Brown et al., 2009) 
 
These three regions are described as: 
1. An outer reservoir beyond the tips of the hydraulic fractures. This portion of the 
reservoir assumes the same matrix geometry as the inner reservoir, but is not 
naturally fractured. 
2. An inner reservoir between the transverse hydraulic fractures, designated as the 
Stimulated Reservoir Volume (SRV), which consists of an extremely low 
permeability matrix and as system of macrofractures representing the natural 
fractures. The spherical geometry, described previously, represents this inner 
reservoir portion.  




The basic assumptions of the model are as follows: 
1. Linear flow is assumed in each of the three distinct flow regions. 
2. These linear flows are coupled together. 
3. Each region has its own individual properties. 
4. Model was derived for single-phase flow of a constant compressibility fluid. Gas 
flow is incorporated through pseudopressure transformation. 
5. Flow into the horizontal well comes only from the hydraulic fractures. 
6. All hydraulic fractures are assumed to have the same properties and are equally 
spaced. The fractures are assumed to be finite conductivity.  
7. Total fluid flowrate from the wellbore, q, is distributed equally among the 
hydraulic fractures. 
 The original trilinear-flow model was developed to handle either Warren and Root’s 
pseudosteady state flow assumption or Kazemi’s transient flow assumption. The assumption of 
transient flow in a spherical matrix, as is the case in Apaydin’s model, does not affect the general 
solution, it just changes some of the key parameter definitions. For a more detailed derivation of 
the trilinear-flow model, please refer to Brown et al. (2009) A schematic showing how the dual-




Figure 4.4   Spherical Matrix Idealization in Trilinear-Flow Model 
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4.4 Important Equations of the Analytical Model 
 This section outlines all of the pertinent equations used in Apaydin’s Dual Porosity 
model. As part of his dissertation, computational code was developed using FORTRAN that is 
capable of creating a table of flowrates and times based on a set of user-defined inputs. To begin, 
the dimensionless wellbore pressure for the trilinear-flow model is defined below in Laplace 
space. This dimensionless wellbore pressure is the final equation that combines the flow from the 
matrix into the microfractured surface layer, from the microfractured surface layer to the 
macrofractures, from the macrofractures to the hydraulic fractures, and finally from the hydraulic 
fractures to the wellbore. Please refer to Brown et al. (2009) for a complete derivation of this 
equation. 
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 The     term is the dimensionless fracture conductivity and is defined as 
 
      
    




     – hydraulic fracture permeability (md) 
     – hydraulic fracture width (ft) 
   ̃  – inner reservoir permeability (md) 
     – hydraulic fracture half-length (ft) 
  
The    term is the flow choking skin caused by the flow of oil/gas converging at the 
opening of the hydraulic fracture and is defined as 
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    – macrofracture thickness (ft) 
    – number of macrofractures 
   - formation thickness (ft) 
    – wellbore radius (ft) 
  
The    term is the mechanical skin caused during the drilling and completion of oil and 
gas wells. This term is usually determined through the interpretation of well tests. This 
term was assumed to be zero for all of the test cases that were run using this model. 
 
The   term is the Laplace transformation parameter. 
 
The    and    terms are described by Brown et al. (2009) as the hydraulic fracture 
parameters used in the trilinear-flow model and are defined below. The    and    terms 
are described as the outer reservoir parameters used in the trilinear-flow model and are 
also defined below. These terms are merely a summation of terms to simplify the 
dimensionless wellbore pressure equation above. 
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      – dimensionless reservoir size in the y-direction 
     – dimensioness hydraulic fracture width 
      – dimensionless reservoir size in the x-direction 
  
 The     term is the dimensionless reservoir conductivity and is defined as 
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     – outer reservoir permeability (md) 
     – reservoir size in y-direction (ft) 
 
The various diffusivity terms used in the dimensionless wellbore pressure equation are 
defined below. These terms are the dimensionless outer reservoir diffusivity,    , the 
outer reservoir diffusivity,   , the inner reservoir diffusivity,   , the dimensionless 
hydraulic fracture diffusivity,    , and the hydraulic fracture diffusivity,   . 
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                 – outer reservoir compressibility (psi
-1
) 
                 – inner reservoir/macrofracture compressibility (psi
-1
) 
                 – hydraulic fracture compressibility (psi
-1
) 
           – outer reservoir permeability (md) 
                – inner reservoir/macrofracture permeability (md) 
           – outer reservoir permeability (md) 
           – outer reservoir porosity (fraction)
 
             – inner reservoir/macrofracture porosity (fraction) 
           – hydraulic fracture porosity (fraction) 
           – fluid viscosity (cp) 
         i  - subscript to denote initial conditions 
 
 Also, the dimensionless time is defined as 
 
      
     
  
  
   
  where 
   – constant to convert time variable correctly, equal to            
   for 
time in hours or              for time in days. 
  – characteristic length, hydraulic fracture half-length, Xf, in the case of this 
model (ft) 
           – time (days or hours) 
 
 In order to calculate this dimensionless wellbore pressure, one must define the transfer 
function for the entire system,     . For simplicity this is done in Laplace space. All relevant 
equations are defined below. 
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 where the transfer function for the matrix,      , is defined b 
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         – dimensionless microfracture network diffusivity  
      – surface layer flow capacity ratio or transmissivity 
      – surface layer storativity ratio 
 
 The transfer function of the macrofracture network,   , is defined by 
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 where 
        – microfracture thickness (ft) 
        – surface-layer matrix thickness (ft)  
         – dimensionless matrix-core radius  
        – dimensionless matrix block radius  
  
 And the transfer function for the microfracture network,    , is defined by 
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 The various diffusivities used in these equations are defined below. These diffusivities 
are the dimensionless microfracture diffusivity,      , the microfracture diffusivity,     , and 
the inner reservoir/macrofracture diffusivity,    . 
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       – microfracture compressibility (psi
-1
) 
          – microfracture permeability (md) 
          – microfracture porosity (fraction) 
 
 The transmissivity of the surface-layer,   ,  and the system transmissivity,  , are defined 
as 
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                – matrix permeability (md) 
                – macrofracture thickness (ft) 
                                       – matrix block radius (ft) 
 
 and the storativity ratio of the surface-layer is defined as 
      
          
            
 
 
  where 
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                    – initial microfracture compressibility (psi
-1
) 
                       – initial matrix compressibility (psi
-1
) 
                   – initial microfracture porosity (fraction) 
                  – initial matrix porosity (fraction) 
 
 In order to assume a constant pressure oil/gas production scenario, the following 
modification must be made to convert the dimensionless wellbore pressure to a dimensionless 
flowrate,  ̅   (Van Everdingen and Hurst, 1949) 
 
  ̅   
 
   ̅  
 
 
  Once the dimensionless wellbore pressure has been calculated, it has to be inverted from 
the Laplace domain. This is achieved using a numerical inversion algorithm for Laplace 
transforms developed by Stehfest (1970). If these calculations are being performed on a gas well, 
the following pseudopressure conversion must be applied to both the initial reservoir pressure 
and the bottomhole flowing pressure. (Al-Hussainy et al., 1966) Please refer to Al-Hussainy et 
al.’s 1966 paper for an explanation of this pseudopressure conversion. 
 
   (  )   ∫   
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;  ξ = m(Matrix) or f(Fracture) 
  
  where  
 
     (   




  and 
       
       
   
   At this point, all necessary variables have been defined in order to calculate the flowrate 
of oil/gas in the system for the current time step. These equations are defined below.  
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   where 
                        – number of hydraulic fractures 
                          – initial reservoir pressure converted to a pseudopressure 
                       – bottomhole flowing pressure converted to a pseudopressure 
                  – reservoir temperature (°F) 
                B – formation volume factor for oil (rb/stb) 
                μ – viscosity of fluid (cp) 
   
   These calculations are done for a user-defined number of log-cycles and tables of oil/gas 
flowrate vs. time are created with a FORTRAN code model that implements these preceding 
equations. These tables are used to create traditional flowrate vs. time plots. The gas flowrate and 
cumulative gas production plots generated by Apaydin’s model for a base set of input parameters 
can be seen in Figure 4.5 and Figure 4.6, respectively. Table 4.1, describes this base set of input 
parameters. The oil flowrate and cumulative oil production plots generated by Apaydin’s model 
are also shown in Figure 4.7 and Figure 4.8, respectively. The base set of input parameters used 
for the oil cases are the same except the fluid viscosity is changed to 1.2 and the formation 
volume factor of oil, Bo, is included. These figures provide a general representation of what the 
response of Apaydin’s model should look like. Again, it is important to note here that the data 
being used in the models is entirely synthetic and meant to represent a tight shale gas/oil 
reservoir. 
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Reservoir Thickness, h 250 ft
Fluid Type (1 for Oil, 2 for Gas) 2 -
Production Scenario (1 for Constant Rate, 2 for Constant Pressure) 2 -
Reservoir Temperature, T 200 °F
Bottomhole Flowing Pressure, P wf 500 psi
Initial Reservoir Pressure, P in 3800 psi
Fluid Viscosity, μ 0.0184 cp
Total Compressibility, c t 2.50E-04 psi
-1
Molecular Weight of Gas, M g 16 lbm/lbm-mol
Specific Gravity of Gas, S.G. 0.6 -
Parameter Value Unit
Distance to Boundary Parallel to Well (1/2 Well Spacing), x e 250 ft
Hydraulic Fracture Spacing, 2y e 500 ft
Number of Hydraulic Fractures, n F 10 -
Distance Between Outermost Fractures, L h 4500 ft
Matrix permeability, k m 1.00E-06 md
Matrix porosity, φm 0.05 fraction
Matrix total compressibility, c tm 2.50E-04 psi
-1
Microfracture permeability, k mf 2.00E+01 md
Microfracture porosity, φmf 2.50E-01 fraction
Microfracture total compressibility, c tmf 2.50E-04 psi
-1
Microfracture thickness, h mf 5.00E-06 ft
Microfracture density, r mf =1/(h mf +h mm ) 2 # of Microfracs/ft
Microfracture length (matrix surface-layer thickness), l mf 0.2 fraction
Macrofracture permeability , k f 2000 md
Macrofracture porosity, φf 0.45 fraction
Macrofracture total compressibility, c tf 2.50E-04 psi
-1
Macrofracture thickness, h f 5.00E-04 ft
Macrofracture density, r f 0.08 # of Macrofracs/ft
Hydraulic fracture porosity, φF 0.38 fraction
Hydraulic fracture permeability, k F 1.00E+05 md
Hydraulic fracture total compressibility, c tF 2.50E-04 psi
-1
Hydraulic fracture half-length, x F 250 ft
Hydraulic fracture width, w F 0.01 ft










Figure 4.6   Cumulative Gas Production Calculated By Apaydin's Dual Porosity Model For Base Case Input Parameters 
Outlined In Table 4.1  
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Figure 4.8   Cumulative Oil Production Calculated By Apaydin's Dual Porosity Model For Base Case Input Parameters 





 The purpose of this chapter is to show how sensitive each model is to certain ranges of 
input parameters. These input parameters and the ranges used to test each model are outlined in 
Table 5.1, below. It can be seen that the input parameters being tested are focused on the both the 
geometry of the model reservoir as well as the porosity/permeability of each porous medium 
used in the model. These parameters were chosen in order to see how each model reacts to 
different natural fracture network characteristics.  
 Sensitivity runs will be presented for oil and gas cases for both Al-Ahmadi’s triple 
porosity model and Apaydin’s dual porosity model. These sensitivity runs will be based on the 
ten thousand day (~28 years) cumulative production responses of each model, as this is a 
reasonable time limit. Conclusions about each model based on how sensitive they are to each 
parameter will be given. It is important to note that if the sensitivity was based on the cumulative 
production at another time step, different results may have been observed. 
 




5.1 Sensitivity Runs for Al-Ahmadi’s Triple Porosity Model (Gas Case) 
The base set of model parameters used for these sensitivity runs is provided in Table 5.2, 
below. These parameters include the “mid” range of the parameters in Table 5.1 as well as the 
basic reservoir/fluid characteristics used in the model. These parameters are consistent with the 
base set of input parameters presented in Table 3.1. In all sensitivity runs, only the parameter 
Parameter Low Mid High
Natural Fracture Spacing (ft)/Number of Natural Fractures 50/5 12.5/20 5/50
Hydraulic Fracture Spacing (ft)/Number of Hydraulic Fractures 1000/5 500/10 100/50
Matrix Porosity (fraction) 0.01 0.05 0.15
Microfracture Porosity (fraction) 0.1 0.25 0.4
Macrofracture (Microfracture for Al-Ahmadi) Porosity (fraction) 0.15 0.45 0.6
Hydraulic Fracture Porosity (fraction) 0.2 0.38 0.6
Matrix Permeability 1.00E-08 1.00E-06 1.00E-01
Microfracture Permeability 1.00E+00 2.00E+01 1.00E+03
Macrofracture Permeability 1.00E+02 2.00E+03 5.00E+03
Hydraulic Fracture Permeability 1.00E+03 1.00E+05 5.00E+05
Formation Thickness 50 250 500
Sensitivity Test Cases
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being tested is changed while all others remain constant. This section will focus on the 
sensitivities of Al-Ahmadi’s triple porosity model for a gas case. 
 
 




Reservoir Thickness, h 250 ft
Fluid Type (1 for Oil, 2 for Gas) 2 -
Production Scenario (1 for Constant Rate, 2 for Constant Pressure) 2 -
Reservoir Temperature, T 200 °F
Bottomhole Flowing Pressure, P wf 500 psi
Initial Reservoir Pressure, P in 3800 psi
Fluid Viscosity, μ 0.0184 cp
Total Compressibility, c t 2.50E-04 psi
-1
Molecular Weight of Gas, M g 16 lbm/lbm-mol
Specific Gravity of Gas, S.G. 0.6 -
Parameter Value Unit
Drainage Area Length (Perforated Horizontal Well Length), x e 4500 ft
Drainage Area Half Width (Hydraulic Fracture Half-Length), y e 250 ft
Number of Hydraulic Fractures, n F 10 -
Matrix Total Compressibility, c tm 2.50E-04 psi
-1
Matrix Porosity, φm 0.05 fraction
Width of Matrix Block, w m 12.5 ft
Number of Matrix Blocks/Microfractures 5 -
Matrix Permeability, k m 1.00E-06 md
Microfracture Spacing, L f 12.5 ft
Microfracture Width, w f 5.00E-04 ft
Microfracture Total Compressibility, c tf 2.50E-04 psi
-1
Microfracture Porosity, φf 0.45 fraction
Microfracture Permeability, k f 2.00E+03 md
Hydraulic Fracture Spacing, L F 500 ft
Hydraulic Fracture Width, w F 0.01 ft
Hydraulic Fracture Total Compressiblity, c tF 2.50E-04 psi
-1
Hydraulic Fracture Porosity, φF 0.38 fraction
Hydraulic Fracture Permeability, k F 1.00E+05 md
Universal Model Parameters
Parameters Specific to Al-Ahmadi's Model
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5.1.1 Summary of Al-Ahmadi Model Sensitivities for a Gas Case 
 Figure 5.1, below, shows how Al-Ahmadi’s triple porosity model reacts to the sensitivity 
variables outlined in Table 5.1. It can be seen that the model is most sensitive to formation 
thickness and least sensitive to the natural fracture permeability. It is also important to note that 
the natural fracture spacing is among the top three most sensitive parameters, indicating that 
natural fractures do indeed play a crucial role in the production of unconventional shale gas 
wells. In the further subsections, the sensitivity run for each input parameter will be presented in 
the form of cumulative gas production plots. Conclusions about the results of each of these 
sensitivity runs will also be given in each of their respective subsections. It is important to note 
that for Al-Ahmadi’s triple porosity model it was observed that some wells would take over one 
million days to reach their absolute production limit. To be realistic, all of the results of the 




Figure 5.1   Tornado Chart Showing Al-Ahmadi's Triple Porosity Model Sensitivities for a Gas Well (Ranked Most 
Sensitive (Top) to Least Sensitive (Bottom)) 
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5.1.2 Al-Ahmadi Model Sensitivity Run for Formation Thickness (Gas Case) 
 Please refer to Figure 5.2, below, for the sensitivity run results for the formation 
thickness. It can be seen that increasing/decreasing the thickness of the formation merely 
increase/decreases the amount of gas being produced, respectively, while the actual response 
(shape) of the model remains the same. This result is to be expected since by 
increasing/decreasing the thickness of the formation only changes the amount of gas that is 
available to flow into the wellbore.  
5.1.3 Al-Ahmadi Model Sensitivity Run for Matrix Permeability (Gas Case) 
 Please refer to Figure 5.3, below, for the sensitivity run results for the matrix 
permeability. As expected, it can be seen that the matrix permeability plays a major role in how 
long it takes for the well to reach its absolute production limit. The higher the permeability of the 
matrix, the faster the reservoir can be drained. It should be noted here that for the high matrix 
permeability case, the drainage occurs in one-tenth of a day, which is unrealistic. The high 
matrix permeability is 0.1 md, which is high for unconventional gas reservoirs, but is considered 
acceptable for tight gas reservoirs. 
5.1.4 Al-Ahmadi Model Sensitivity Run for Natural Fracture Spacing/Number of Natural 
Fractures (Gas Case) 
 Please refer to Figure 5.4 for the sensitivity run results for altering the natural fracture 
spacing/number of natural fractures being incorporated in the model. It can be seen that 
increasing the number of natural fractures in the model and therefore decreasing the amount 
space between the natural fractures acts to expedite the flow of gas out of the formation, and vice 
versa. This is the expected response of the model and further supports the current industry belief 
that natural fractures play a key role to the economic success of unconventional wells. Not only 
is the amount of gas being produced in the long term different, it is also produced faster or 
slower depending on the amount of natural fracturing in the reservoir. 
5.1.5 Al-Ahmadi Model Sensitivity Run for Microfracture (Natural Fracture) Porosity (Gas 
Case) 
 Please refer to Figure 5.5, below, for the sensitivity run for the microfracture porosity. It 
is apparent that by adding some pore space to the microfractures, the well is able to produce 
slightly more gas. Conversely, decreasing the porosity of the microfractures has a more 
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significant decrease in the amount of gas being produced. However, it appears that as time 
increases, all three lines are beginning to converge around the base case gas production. 
Therefore, increasing the porosity in the microfractures has the most significant impact on the 
very early time gas production from the well. This makes sense since the natural fractures and 
hydraulic fractures are drained almost instantaneously in a gas well and only continue to act as a 
conduit for gas to flow between the matrix blocks and the wellbore. With such low matrix 
permeability, the pore space in the natural fractures will not be fully exploited because the gas is 
able to flow out of the pores much faster than the matrix can supply them.  
5.1.6 Al-Ahmadi Model Sensitivity Run for Hydraulic Fracture Porosity (Gas Case) 
 Please refer to Figure 5.6, below, for the sensitivity run for the hydraulic fracture 
porosity. Similar to the case of the natural fracture porosity, it can be seen that 
increasing/decreasing the amount of pore space in the hydraulic fractures just slightly 
increases/decreases the amount of gas that is able to flow into the wellbore at very early times. 
However, in this case, the magnitude of the increase in the porosity was not consistent with the 
magnitude of the decrease in porosity. This explains why there seems to be a less significant 
difference between the respective effects on the cumulative gas production than in the natural 
fracture porosity case. Again, it can be seen that at late times the cumulative gas production is 
beginning to converge. As with the natural fracture porosity case, once the fractures are drained, 
they rely solely on the matrix blocks for production support. Therefore, as time increases the 
effect of changing the hydraulic fracture porosity becomes insignificant because the matrix 
cannot supply the gas fast enough to exploit all of the available pore space. 
5.1.7 Al-Ahmadi Model Sensitivity Run for Hydraulic Fracture Spacing/Number of Hydraulic 
Fractures (Gas Case) 
 Please refer to Figure 5.7, below, for the sensitivity run for altering the hydraulic fracture 
spacing and therefore the number of hydraulic fractures represented in the model. At early times 
it can be seen that increasing/decreasing the number of hydraulic fractures has a significant effect 
on how productive the wells are initially. This makes sense since increasing the number of highly 
conductive fractures in the system will add more flow conduits for the gas to travel through and 
vice versa. This effect begins to wear out in the late times. Again, since the permeability of the 
matrix is so low compared to the permeability of the hydraulic fractures, adding or subtracting 
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the number of hydraulic fractures will have an insignificant impact on the amount of gas the 
whole system is able to produce. However, this effect only becomes insignificant after about 100 
days. Depending on the economics behind adding additional hydraulic fracture stages, a 
company may or may not benefit from the increased gas rates for those first few months.  
5.1.8 Al-Ahmadi Model Sensitivity Run for Matrix Porosity (Gas Case) 
 Please refer to Figure 5.8, below, for the sensitivity run for altering the matrix porosity in 
the system. The response of the triple porosity model in this case is counter intuitive. One would 
think that increasing the pore space in the matrix would consistently add to the amount of gas 
being produced across all times. It is important to note that if the model was able to run to 
depletion, over a million days in this case, the high matrix porosity case does end up producing 
slightly more gas. But at those times, the response of the model is irrelevant because the 
boundary effects would dominate the gas production. This counter intuitive response of the 
model is only occurring at early times. It appears that altering porosity has a significant effect on 
the matrix storativity ratio but little effect on the dimensionless time calculation. It is believed 
that it is a combination of these two things that is causing the unusual cumulative production 
response at early times. In fact, the raw (non-cumulative) production data generated by the model 
showed that the high matrix porosity case produced more gas while the low matrix porosity case 
produced less than the base case, which is the expected response. 
5.1.9 Al-Ahmadi Model Sensitivity Runs for Hydraulic Fracture Permeability/ Microfracture 
(Natural Fracture) Permeability (Gas Case) 
 Please refer to Figures A-1 and A-2 in Appendix A for sensitivity runs for the natural 
fracture and hydraulic fracture permeabilities, respectively. These plots were not included in this 
section because their effects on the cumulative gas production were entirely insignificant. In the 
case of the hydraulic fracture permeability, only the hydraulic fracture dominated flow portion of 
the production response was affected. 
5.1.10 Additional Sensitivity Tests Using Low/High Formation Thickness as Base Case 
 In addition to the main sensitivity cases, extra sensitivity tests were run using either the 
low formation thickness case or the high formation thickness as the base case. This was done to 
see if the model sensitivities changed if the most sensitive variable, the formation thickness, was 
altered in the base model. Figures 5.9 and 5.10 show the sensitivities of the models cumulative 
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production responses with the formation thickness set to 50 feet and 500 feet, respectively. For 
the case where the formation thickness in the base case is set to 50 feet the matrix permeability is 
the most sensitive with a 42% increase in cumulative production for the high case and 89% 
decrease in cumulative production for the low case. The natural fracture spacing is the next most 
important variable with a 42% increase in the cumulative production for the high case and a 74% 
decrease in the cumulative production for the low case. Although these are the exact same 
percentages that were observed in the original sensitivity tests, the actual cumulative production 
values are altered to reflect the different reservoir thicknesses. The exact same outcome was 
observed for the case where the formation thickness is set to 500 ft. This outcome is to be 
expected since altering the formation thickness in the model merely changes the amount of gas 




Figure 5.2   Sensitivity Run for Formation Thickness - Al-Ahmadi's Triple Porosity Model, Gas Case 
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Figure 5.7   Sensitivity Run for Hydraulic Fracture Spacing/Number of Hydraulic Fractures- Al-Ahmadi's Triple 








Figure 5.9   Tornado Chart Showing Al-Ahmadi's Triple Porosity Model Sensitivities for a Gas Well (Ranked Most 
Sensitive (Top) to Least Sensitive (Bottom)) when the Formation Thickness is Set to 50 ft. 
 
 
Figure 5.10   Tornado Chart Showing Al-Ahmadi's Triple Porosity Model Sensitivities for a Gas Well (Ranked Most 
Sensitive (Top) to Least Sensitive (Bottom)) when the Formation Thickness is Set to 500 ft. 
 
5.1.11 Conclusions Regarding Al-Ahmadi’s Model Sensitvities (Gas Case) 
 Overall, the responses of Al-Ahmadi’s model to the various input parameters outlined in 
this section were to be expected, with the exception of the matrix porosity case. The two most 
significant parameters, formation thickness (~100% increase in cumulative production for the 
high case and an ~80% reduction in the cumulative production for the low case) and matrix 
permeability (~43% increase in the cumulative production for the high case and a ~90% 
reduction in the cumulative production for the low case), dictate the amount of matrix rock 
available and how easy the gas is able to flow through the matrix, respectively. In 
unconventional shale gas wells, the matrix is by far the most limiting factor in the amount of gas 
that is able to be produced from a well and how long it takes to do so. The third most important 
parameter is the natural fracture spacing (~43% increase in cumulative production for the high 
 49 
case and a ~74% reduction in the cumulative production for the low case).  As the purpose of 
this thesis was to ultimately investigate the effect of the natural fracture network characteristics 
on the productivity of shale wells, it is reassuring to observe that the model was sensitive to 
them. Please refer to Table B-1 in Appendix B for a summary of all of the sensitivity test results. 
 
 
5.2 Sensitivity Runs for Al-Ahmadi’s Triple Porosity Model (Oil Case) 
 
The input parameters used for these sensitivity runs are consistent with the base set of 
input parameters presented in Table 5.2. The difference between this section and the previous 
section is that the fluid type was changed to oil. The fluid viscosity was also changed to reflect 
this, and is now 1.2 cp. Also, an oil formation volume factor of 1.35 RB/STB was used. In all 
sensitivity runs, only the parameter being tested is changed while all others remain constant.  
5.2.1 Summary of Al-Ahmadi Model Sensitivities for an Oil Case 
Figure 5.11, below, shows how Al-Ahmadi’s triple porosity model reacts to the 
sensitivity variables outlined in Table 5.1. It can be seen that the model is most sensitive to the 
permeability of the matrix, the formation thickness, and the amount of natural fracturing. These 
same three were the most sensitive parameters for the gas case in the previous section. Natural 
fractures, which are the focus of this research, do play an important role in the production of 
unconventional shale oil wells. In the further subsections, the sensitivity run for each input 
parameter will be presented in the form of cumulative oil production plots. Conclusions about 
the results of each of these sensitivity runs will also be discussed in each of their respective 
subsections. As with the gas case, it is important to note that for Al-Ahmadi’s triple porosity 
model it was observed that the wells would take over one million days to reach their absolute 
production limit. To be realistic, all of the results of the sensitivity runs were cut off at ten-
thousand days of production. 
5.2.2 Al-Ahmadi Model Sensitivity Run for Matrix Permeability (Oil Case) 
 Please refer to Figure 5.12, below, for the sensitivity run for matrix permeability for an 
oil case. As with the gas case, increasing the permeability of the matrix merely acts to expedite 
the flow of oil into the wellbore. The opposite is true as well. This can be seen on the plot by the 
well reaching its absolute production limit much sooner for the higher matrix permeability case. 
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In fact, the base case and the low matrix permeability case have not even gotten close to their 
respective production limits after the ten thousand days represented in this plot.  
5.2.3 Al-Ahmadi Model Sensitivity Run for Formation Thickness (Oil Case) 
 Please refer to Figure 5.13, below, for the sensitivity run for altering the thickness of the 
formation used in the triple porosity model. As expected, increasing/decreasing the thickness of 
the formation merely increases/decreases the amount of oil that is able to be produced at any 
given time. Adjusting the thickness of the formation in the model also adjusts the amount of 
matrix rock represented in the model. By altering the amount of matrix rock in the system, one is 
altering the systems overall storage capacity for oil. 
5.2.4 Al-Ahmadi Model Sensitivity Run for Natural Fracture Spacing/Number of Natural 
Fractures (Oil Case) 
 Please refer to Figure 5.14, below, for the sensitivity run for the natural fracture spacing 
and therefore the number of natural fractures represented in the model. The response of the 
model is similar to the response of the gas case. However, due to the increased viscosity of the 
oil, it takes longer for the each system to reach its production limit. In fact, none of the three 
cases are even close to reaching their respective production limit after ten thousand days. If the 
model was allowed to reach the production limit, the actual amount of gas being produced in the 
long term is not changed significantly. This means that as the number of the natural fractures in 
the system increases, the production of oil occurs at a faster rate.   
5.2.5 Al-Ahmadi Model Sensitivity Run for Microfracture(Natural Fracture) Porosity (Oil Case) 
 Please refer to Figure 5.15, below, for the sensitivity run for the natural fracture porosity. 
As with the gas case, changing the porosity of the natural fractures only really affects the oil 
production during the early times. The cases appear to start converging as late times are reached. 
This response is to be expected since the amount of oil that is able to be stored in the natural 
fractures before production starts will only affect the early time responses. The matrix 
permeability is what dictates the flow of oil in the system once the fracture networks have been 
drained initially. Therefore, as time passes, the matrix is not able to supply enough oil into the 
natural fracture network for the porosity to really matter. However, it does appear that the low 
microfracture porosity case is being slightly restrictive on the oil production at late times. This 
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indicates that there is in fact a lower limit for the natural fracture porosity where the matrix is 
able to supply oil without wasting any of the pore space. 
5.2.6 Al-Ahmadi Model Sensitivity Run for Hydraulic Fracture Spacing/Number of Hydraulic 
Fractures (Oil Case) 
 Please refer to Figure 5.16, below, for the sensitivity run for the spacing of the hydraulic 
fractures and therefore the number of the hydraulic fractures being represented in the model. It 
can be seen that the increasing the number of hydraulic fractures acts to increase the amount of 
oil being produced during the early times, with the opposite holding true as well. Conversely, at 
late times the impact of altering the number of hydraulic fractures is significantly reduced. An 
interesting note is that this response is more or less the exact opposite of the natural fracture 
spacing case. This further strengthens the industry belief that the early time flow regimes are 
entirely dominated by the flow in the hydraulic fractures. Furthermore, since the oil takes longer 
to flow through the system, the effect of increasing the number of hydraulic fractures is 
significant until much longer in the future than what was observed the gas case. For the same 
rock properties, there may need to be more hydraulic fractures per unit length of the well. 
However, unconventional gas tends to be in lower permeability rock than unconventional oil.  
5.2.7 Al-Ahmadi Model Sensitivity Run for Hydraulic Fracture Porosity (Oil Case) 
 Please refer to Figure 5.17, below, for the sensitivity run for the hydraulic fracture 
porosity. As with the natural fracture porosity case, it appears that the effect of 
increasing/decreasing the hydraulic fracture permeability can only be seen during the early times 
of oil production. The increased porosity allows for more initial oil production because the 
system was able to store more oil in the highly conductive hydraulic fractures. However, as these 
hydraulic fractures drain, the matrix is only able to supply a limited amount of gas into the 
fracture network. This is why the effect is limited to the early time. In fact, if the model were 
able to run to depletion, the overall amount of gas being produced is virtually unaffected by the 
change in hydraulic fracture porosity. 
5.2.8 Al-Ahmadi Model Sensitivity Run for Matrix Porosity (Oil Case) 
 Please refer to Figure 5.18, below, for the sensitivity run for the matrix porosity assumed 
in the model. As with the gas case, the response of the model is counter intuitive. One would 
expect to see that the higher the matrix porosity, the greater the amount of oil being produced. 
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The exact opposite is seen on this plot. It is important to note that if the model was able to run to 
completion, higher matrix porosity case would end up producing more oil. However, this occurs 
at unrealistic production times where the boundary effects would dictate the production response. 
Furthermore, since the oil is so much more viscous compared to gas, this counter intuitive model 
response occurs consistently throughout the reasonable time range depicted in the plot. Again, it 
appears that changing the matrix porosity has a significant effect of the storativity of the matrix 
while there is only a small difference in the dimensionless time calculation. The combination of 
these two things appears to be causing the unusual cumulative production response. Once more, 
the raw (non-cumulative) production data showed the high matrix porosity case producing more 
oil and vice versa for the low matrix porosity case. 
5.2.9 Al-Ahmadi Model Sensitivity Runs for Hydraulic Fracture Permeability/ Microfracture 
(Natural Fracture) Permeability (Oil Case) 
 Please refer to Figures A-3 and A-4 in Appendix A for sensitivity runs for the natural 
fracture and hydraulic fracture permeabilities, respectively. These plots were not included in this 
section because their effects on the cumulative gas production were insignificant. In the case of 
the hydraulic fracture permeability, only hydraulic fracture dominated flow region of the 
production response was affected.  
 
 
Figure 5.11   Tornado Chart Showing Al-Ahmadi's Triple Porosity Model Sensitivities for an Oil Well (Ranked Most 














Figure 5.14   Sensitivity Run for Natural Fracture Spacing/Number of Natural Fractures - Al-Ahmadi's Triple Porosity 





Figure 5.15   Sensitivity Run for Microfracture(Natural Fracture) Porosity - Al-Ahmadi's Triple Porosity Model, Oil Case 
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Figure 5.16   Sensitivity Run for Hydraulic Fracture Spacing/Number of Hydraulic Fractures - Al-Ahmadi's Triple 
Porosity Model, Oil Case 
 
 




Figure 5.18   Sensitivity Run for Matrix Porosity - Al-Ahmadi's Triple Porosity Model, Oil Case 
 
5.2.10 Conclusions Regarding Al-Ahmadi’s Model Sensitvities (Oil Case) 
Overall, the responses of Al-Ahmadi’s model to the various input parameters outlined in 
this section were to be expected, with the exception of the matrix porosity case. The two most 
significant parameters, matrix permeability  (~991% increase in cumulative production for the 
high case and a ~87% reduction in the cumulative production for the low case) and formation 
thickness (~100% increase in cumulative production for the high case and a ~80% reduction in 
the cumulative production for the low case), dictate the amount of matrix rock available and how 
easy the oil is able to flow through this rock, respectively. Therefore, these two parameters 
should have the most significant impact on the production response. As the purpose of this thesis 
was to ultimately investigate the effect of natural fracture network characteristics on the 
productivity of shale wells, it is reassuring that the model was so sensitive to them. Due to the 
increased viscosity of the oil, however, the impact of natural fracture spacing on the oil 
production response is more significant than gas, with a ~146%% increase in cumulative 
production for the high case and a ~73% reduction in the cumulative production for the low case.  
Please refer to Table B-2 in Appendix B for a summary of all of the sensitivity test results. 
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5.3 Sensitivity Runs for Apaydin’s Dual Porosity Model (Gas Case) 
The base set of model parameters used for these sensitivity run is provided in Table 5.3, 
below. These parameters include the “mid” range of the parameters in Table 5.1 as well as the 
basic reservoir/fluid characteristics used in the model. These parameters are consistent with the 
base set of input parameters presented in Table 4.1. In all sensitivity runs, only the parameter 
being tested is changed while all others remain constant. This section will focus on the 
sensitivities of Apaydin’s dual porosity model for a gas case. 
 
Table 5.3   Base Set of Input Parameters Used in Sensitivity Runs for Apaydin’s Dual Porosity Model for a Gas Well 
 
Parameter Value Unit
Reservoir Thickness, h 250 ft
Fluid Type (1 for Oil, 2 for Gas) 2 -
Production Scenario (1 for Constant Rate, 2 for Constant Pressure) 2 -
Reservoir Temperature, T 200 °F
Bottomhole Flowing Pressure, P wf 500 psi
Initial Reservoir Pressure, P in 3800 psi
Fluid Viscosity, μ 0.0184 cp
Total Compressibility, c t 2.50E-04 psi
-1
Molecular Weight of Gas, M g 16 lbm/lbm-mol
Specific Gravity of Gas, S.G. 0.6 -
Parameter Value Unit
Distance to Boundary Parallel to Well (1/2 Well Spacing), x e 250 ft
Hydraulic Fracture Spacing, 2y e 500 ft
Number of Hydraulic Fractures, n F 10 -
Distance Between Outermost Fractures, L h 4500 ft
Matrix permeability, k m 1.00E-06 md
Matrix porosity, φm 0.05 fraction
Matrix total compressibility, c tm 2.50E-04 psi
-1
Microfracture permeability, k mf 2.00E+01 md
Microfracture porosity, φmf 2.50E-01 fraction
Microfracture total compressibility, c tmf 2.50E-04 psi
-1
Microfracture thickness, h mf 5.00E-06 ft
Microfracture density, r mf =1/(h mf +h mm ) 2 # of Microfracs/ft
Microfracture length (matrix surface-layer thickness), l mf 0.2 fraction
Macrofracture permeability , k f 2000 md
Macrofracture porosity, φf 0.45 fraction
Macrofracture total compressibility, c tf 2.50E-04 psi
-1
Macrofracture thickness, h f 5.00E-04 ft
Macrofracture density, r f 0.08 # of Macrofracs/ft
Hydraulic fracture porosity, φF 0.38 fraction
Hydraulic fracture permeability, k F 1.00E+05 md
Hydraulic fracture total compressibility, c tF 2.50E-04 psi
-1
Hydraulic fracture half-length, x F 250 ft
Hydraulic fracture width, w F 0.01 ft
Parameters Specific to Apaydin's Model
Universal Model Parameters
 58 
5.3.1 Summary of Apaydin’s Model Sensitivities for a Gas Case 
Figure 5.19, below, shows how Apaydin’s dual porosity model reacts to the sensitivity 
variables outlined in Table 5.1. It can be seen that the model is most sensitive to the matrix 
porosity and formation thickness and least sensitive to the fracture permeability and porosity. 
Unlike Al-Ahmadi’s model, the spacing of the natural fractures appears to not play as significant 
a role on the production response, but it still among the top four. In the further subsections, the 
sensitivity run for each input parameter will be presented in the form of cumulative gas 
production plots. Conclusions about the results of each of these sensitivity runs will also be given 
in each of their respective subsections. Since Apaydin’s model always reached depletion by ten 
thousand days, the cumulative production data did not have to be truncated. 
5.3.2 Apaydin Model Sensitivity Run for Matrix Porosity (Gas Case) 
 Please refer to Figure 5.20, below, for the sensitivity run for changing the matrix porosity 
assumed in the dual porosity model. This is the response that one would expect. Since the early 
time flow is entirely dominated by the natural fractures, the change in matrix porosity has very 
little effect on the production response. As time goes on and the fracture networks are drained, 
the matrix begins to dominate the flow in the system. This being the case, increasing/decreasing 
the pore space in the matrix acts to increase/decrease the long term gas production as well as the 
time it takes to reach depletion.  
5.3.3 Apaydin Model Sensitivity Run for Formation Thickness (Gas Case) 
 Please refer to Figure 5.21, below, for the sensitivity run for changing the formation 
thickness in the model. As expected, increasing/decreasing the thickness of the formation merely 
acts to increase or decrease the amount of gas being produced from the system at any given time. 
Altering the thickness of the formation changes the ultimate amount of gas that is stored in the 
system and available to flow into the wellbore. This is consistent with what was seen for Al-
Ahmadi’s model. 
5.3.4 Apaydin Model Sensitivity Run for Matrix Permeability (Gas Case) 
 Please refer to Figure 5.22, below, for the sensitivity run for altering the permeability of 
the matrix in the dual porosity model. It is apparent that altering the permeability just acts to 
change the time that it takes to reach the absolute production limit. The final amount of gas 
produced by the system is unaffected. Since the permeability of the matrix dictates the rate at 
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which the gas is able to flow into the natural fractures and on to the hydraulic fractures, the 
response of the model is to be expected. It is important to note here that increasing the 
permeability of the matrix did not have nearly the significant effect on gas production as Al-
Ahmadi’s model did.   
5.3.5 Apaydin Model Sensitivity Run for Natural Fracture Spacing/Number of Natural Fractures 
(Gas Case) 
 Please refer to Figure 5.23, below, for the sensitivity run for altering the natural fracture 
spacing and therefore the number of natural fractures that are included in the model. As seen in 
the matrix permeability case, increasing/decreasing the number of natural fractures simply 
increases/decreases the time it takes for the system to reach its absolute production limit. 
However, it can be seen that the effect is not as significant as altering the matrix permeability. 
This result is to be expected since the natural fracture network plays a key role in the 
productivity of the well, but is still limited by the permeability of the matrix blocks. It is also 
important to note that Al-Ahmadi’s model would show a similar late time response if it were able 
to run all the way to depletion. 
5.3.6 Apaydin Model Sensitivity Run for Hydraulic Fracture Spacing/Number of Hydraulic 
Fractures (Gas Case) 
 Please refer to Figure 5.24, below, for the sensitivity run for altering the hydraulic 
fracture spacing and therefore the number of hydraulic fractures included in the system. Again, 
increasing the number of hydraulic fractures in the system just decreases the time it takes for the 
system to reach its absolute production limit. Unlike the natural fracture spacing case, there is a 
more significant difference in the early time production responses. This is to be expected since 
the gas flow in the hydraulic fractures dominates the early time production response since it is 
the least restrictive of the flow conduits in the model.  
5.3.7 Apaydin Model Sensitivity Run for Microfracture Permeability (Gas Case) 
 Please refer to Figure 5.25, below, for the sensitivity run for changing the microfracture 
permeability in the model. It can be seen that the effect on the gas production is very minimal. 
This is to be expected since even the low microfracture permeability case still has a much higher 
permeability than the matrix blocks. It is interesting to note that for low microfracture 
permeability case, the effect on the gas production is more significant than what is observed for 
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the high microfracture permeability case. This suggests that there is in fact a lower limit where 
the microfracture permeability starts to restrict the amount of gas that is able to flow through the 
microfractured surface layer. This restriction causes the system to take slightly longer to reach its 
absolute production limit. 
5.3.8 Apaydin Model Sensitivity Run for Macrofracture Permeability (Gas Case) 
 Please refer to Figure 5.26, below, for the sensitivity run for altering the permeability of 
the macrofractures in the model. As with the microfracture permeability case, increasing the 
permeability of the macrofractures has a very limited effect on the gas production response. This 
is intuitive since the macrofracture permeability is significantly higher than both the 
microfracture and matrix permeabilities. However, the effect of decreasing the macrofracture 
permeability on the time it takes for the system to reach its production limit is much more 
significant. Again, this suggest that there is a lower limit where decreasing the macrofracture 
permeability any further restricts the flow of gas through the macrofracture network and 
therefore significantly affects the productivity of the well.  
5.3.9 Apaydin Model Sensitivity Run for Hydraulic Fracture Permeability (Gas Case) 
 Please refer to Figure 5.27, below, for the sensitivity run for changing the hydraulic 
fracture permeability that is assumed in the model. As with the other fracture permeability cases, 
altering the permeability of the hydraulic fractures only affects the time it takes for the system to 
reach its absolute production limit. Once again, it is apparent that there is a lower limit where 
decreasing the hydraulic fracture permeability any further starts to restrict flow of gas through 
the hydraulic fractures. The impact of this restriction is much more significant that that was 
observed for the other two fracture networks. However, the low hydraulic fracture permeability 
case assumes a permeability that is half of the permeability assigned to the macrofracture 
network. So it is intuitive that when the gas molecules reach this low perm hydraulic fracture, it 
is more difficult for them to reach the wellbore. The fact that the hydraulic fractures are assumed 
to have finite conductivity further enhances this restrictive behavior. The response of this model 
ultimately shows how important it is for companies to properly design their hydraulic fracture 
treatments. 
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5.3.10 Apaydin Model Sensitivity Runs for Microfracture, Macrofracture, and Hydraulic 
Fracture Porosities (Gas Case) 
 Please refer to Figure A-5, A-6, and A-7 in Appendix A for the sensitivity runs for the 
microfractrure, macrofracture, and hydraulic fracture porosities, respectively. These three cases 
were not shown because there was no notable difference in the cumulative gas production 
responses generated by the model. This is to be expected since the storativity of the matrix is so 
much more significant that the storativity of the fracture networks. 
5.3.11 Additional Sensitivity Tests Using Low/High Formation Thickness as Base Case 
 In addition to the main sensitivity cases, extra sensitivity tests were run using either the 
low matrix porosity case or the high matrix porosity case as the base case. This was done to see 
if the model sensitivities changed if the most sensitive variable, the matrix porosity, was altered 
in the base model. Figures 5.28 and 5.29 show the sensitivities of the models cumulative 
production responses with the matrix porosity set to 0.01 and 0.15, respectively. For the case 
where the matrix porosity in the base case is set to 0.01, the formation thickness is the most 
sensitive parameter with a 100% increase in cumulative production for the high case and 80% 
decrease in cumulative production for the low case. All other variables were insignificant. A 
similar outcome was seen for the case where the matrix porosity was set to 0.15. However, now 
the low matrix permeability case now shows a 26% reduction in the cumulative production. 
Unlike what was observed for the additional sensitivity tests for Al-Ahmadi’s model, the 
percentage difference in cumulative production do change slightly for the additional sensitivity 
tests that were run for this model. This is further proof that the models represent the reservoir 
characteristics differently. 
5.3.12 Conclusions Regarding Apaydin’s Model Sensitvities (Gas Case) 
 Overall, the responses of Apaydin’s dual porosity model to the various input parameters 
discussed in the previous sections were all to be expected. The most sensitive variable was the 
matrix porosity with a ~200% increase in cumulative production for the high case and a ~80% 
reduction in the cumulative production for the low case. It is unfortunate that the sensitivity of 
the model to natural fracture spacing (0.11% increase in cumulative production for the high case 
and a 0.10% reduction in the cumulative production for the low case) was not more significant. 
However, since there are three orthogonal macrofracture systems being fed by the microfractured 
 62 
surface layer, there is plenty of highly conductive flow conduits for the gas to flow through. This 
being the case, the system merely cannot exploit the additional natural fractures once a certain 
threshold is reached. Please refer to Table B-3 in Appendix B for a summary of all of the 
sensitivity test results. 
 
 
Figure 5.19   Tornado Chart Showing Apaydin’s Dual Porosity Model Sensitivities for a Gas Well (Ranked Most Sensitive 
(Top) to Least Sensitive (Bottom)) 
 
Figure 5.20   Sensitivity Run for Matrix Porosity – Apaydin’s Dual Porosity Model, Gas Case 
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Figure 5.23   Sensitivity Run for Natural Fracture Spacing/Number of Natural Fractures – Apaydin’s Dual Porosity 






Figure 5.24   Sensitivity Run for Hydraulic Fracture Spacing/Number of Hydraulic Fractures – Apaydin’s Dual Porosity 













Figure 5.27   Sensitivity Run for Hydraulic Fracture Permeability – Apaydin’s Dual Porosity Model, Gas Case 
 
Figure 5.28   Tornado Chart Showing Apaydin’s Dual Porosity Model Sensitivities for a Gas Well (Ranked Most Sensitive 
(Top) to Least Sensitive (Bottom)) when the Matrix Porosity is Set to 0.01 (fraction) 
 
Figure 5.29   Tornado Chart Showing Apaydin’s Dual Porosity Model Sensitivities for a Gas Well (Ranked Most Sensitive 
(Top) to Least Sensitive (Bottom)) when the Matrix Porosity is Set to 0.15 (fraction) 
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5.4 Sensitivity Runs for Apaydin’s Dual Porosity Model (Oil Case) 
The base set of model parameters used for these sensitivity runs is consistent with those 
presented in Table 5.3, except for the fluid viscosity being changed to 1.2 cp and the addition of 
the oil formation volume factor of 1.35 RB/STB. These parameters include the “mid” range of 
the parameters in Table 5.1 as well as the basic reservoir/fluid characteristics used in the model. 
In all sensitivity runs, only the parameter being tested is changed while all others remain 
constant. This section will focus on the sensitivities of Apaydin’s dual porosity model for an oil 
case.  
5.4.1 Summary of Apaydin’s Model Sensitivities for an Oil Case 
Figure 5.30, below, shows how Apaydin’s dual porosity model reacts to the sensitivity 
variables outlined in Table 5.1. It can be seen that the model is most sensitive to the matrix 
porosity and formation thickness. Unlike the gas case, a number of other parameters have a 
smaller but still significant sensitivity including: matrix permeability, natural and hydraulic 
fracture spacing, hydraulic fracture permeability, and macrofracture permeability. In the further 
subsections, the sensitivity run for each input parameter will be presented in the form of 
cumulative oil production plots. Conclusions about the results of each of these sensitivity runs 
will also be given in each of their respective subsections.  
5.4.2 Apaydin Model Sensitivity Run for Matrix Porosity (Oil Case) 
 Please refer to Figure 5.31, below, for the sensitivity run for altering the matrix porosity 
in the model. As with the gas case, increasing/decreasing the porosity of the matrix only acts to 
increase/decrease the ultimate amount of oil being produced from the system. Due to the 
increased viscosity of the oil, it takes the system longer to be dominated by the flow from the 
matrix than what was observed in the gas case, and no difference is observed until around 100 
days. Again, the early time flow is dominated by the fracture systems, which is the reason why 
altering the matrix porosity does not have a significant effect on the early time production 
response of the model.  
5.4.3 Apaydin Model Sensitivity Run for Formation Thickness (Oil Case) 
 Please refer to Figure 5.32, below, for the sensitivity run for changing the thickness of the 
formation used in the model. It can be seen that increasing/decreasing the formation thickness 
merely acts to increase or decrease the amount of oil being produced from the system at any 
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given time. One interesting observation here is that at very early times, the response for the high 
formation thickness case is right on top of the base case response. This is most likely due to the 
increased viscosity of the oil causing it to move slower through the fracture systems. Therefore, 
the effect of increasing the formation thickness increases gradually over time for the oil cases. 
5.4.4 Apaydin Model Sensitivity Run for Matrix Permeability (Oil Case) 
 Please refer to Figure 5.33, below, for the sensitivity run for altering the permeability of 
the matrix being assumed in the model. During early times, it can be seen that altering matrix 
permeability has very little effect on the oil production response. This is due to the fact that the 
early time production response is dominated by flow in hydraulic and natural fractures. As time 
increases, the effect of increasing/decreasing the matrix permeability starts to deviate from the 
base case response, causing the system to reach its absolute production limit sooner or later, 
respectively. At late times, the amount of oil being produced by the system is unaltered, 
assuming the low matrix permeability case is allowed a little more time to reach its respective 
production limit. It is important to note that slightly decreasing the matrix permeability plays a 
major role in production response while significantly increasing the matrix permeability does 
not. This indicates that there is a threshold where the permeability of the matrix block is simply 
too low to continue to feed the fracture networks as fast as they are able to be drained.   
5.4.5 Apaydin Model Sensitivity Run for Natural Fracture Spacing/Number of Natural Fractures 
(Oil Case) 
 Please refer to Figure 5.34, below, for the sensitivity run for altering the natural fracture 
spacing and therefore the number of natural fractures being included in the model. At early 
times, it appears that the production response isn’t significantly affected by the number of natural 
fractures in the system. This indicates that the very early time production response is solely 
dominated by the hydraulic fractures. As time passes, altering the number of natural fractures in 
the system begins to affect the production response and ultimately alter the time it takes for the 
system to reach its production limit. In the long run, the amount of oil being produced starts to 
approach the same amount. During the intermediate times, the amount of natural fracturing 
appears the most impact, but there appears to be an upper limit where further increasing the 
number of natural fractures does not have much impact because it is limited by the matrix 
permeability.  
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5.4.6 Apaydin Model Sensitivity Run for Hydraulic Fracture Permeability (Oil Case) 
 Please refer to Figure 5.35, below, for the sensitivity run for changing the hydraulic 
fracture permeability being assumed by the system. At late times, the amount of oil that is 
produced by the system is very similar. However, up to that point there is a significant effect on 
the oil production response. For the high hydraulic fracture permeability case, the production 
response is slightly higher than the base case response during the early times. However, for the 
low hydraulic fracture permeability case, there is a significant difference from the base case 
throughout the entire time range presented in this plot. Interestingly, this is the only model where 
the hydraulic fracture permeability has any significant impact. Since gas is easier to flow, even 
the low hydraulic fracture permeability didn’t affect the flowrate. But in this case the 
productivity of the well is dictated by the permeability of the finite conductivity hydraulic 
fractures, and there is a lower limit where decreasing the hydraulic fracture permeability any 
further has a significant effect on the wells ability to produce oil. 
5.4.7 Apaydin Model Sensitivity Run for Macrofracture Permeability (Oil Case) 
 Please refer to Figure 5.36, below, for the sensitivity run for altering the macrofracture 
permeability being assumed in the model. The production response for this sensitivity run is 
similar to the hydraulic fracture permeability sensitivity run, but the effect is much less 
substantial. At very early times, the three cases are right on top of each other, further 
acknowledging that the very early time production response is being dictated by the hydraulic 
fractures. Again, in the long run, the system produces the same amount of oil, but the time it 
takes for the system to reach its production limit is affected by the macrofracture permeability. 
Once again, it appears that there is a threshold where decreasing the macrofracture permeability 
any lower starts to significantly impact the productivity of the well.  
5.4.8 Apaydin Model Sensitivity Run for Hydraulic Fracture Spacing/Number of Hydraulic 
Fractures (Oil Case) 
 Please refer to Figure 5.37, below, for the sensitivity run for changing the hydraulic 
fracture spacing and therefore the number of hydraulic fractures being assumed in the model. As 
with the gas case, it appears that increasing /decreasing the number of hydraulic fractures acts to 
increase/decrease the flowrates over time and ultimately cause the model to reach its absolute 
production limit sooner or later, respectively. This is the expected response because the hydraulic 
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fractures are the main flow conduit into the wellbore, and one would assume that increasing the 
number of hydraulic fractures would increase the flowrate of oil. However, when the hydraulic 
fractures are closer together, it takes less time for the boundary between the hydraulic fractures 
to be felt and therefore the system reaches its production limit sooner.  
5.4.9 Apaydin Model Sensitivity Run for Microfracture Permeability (Oil Case) 
 Please refer to Figure 5.38, below, for the sensitivity run for the microfracture 
permeability being assumed in the model. It appears that there is very little effect on the overall 
oil production response when the microfracture permeability is altered. Only the low 
microfracture permeability case shows a difference during the intermediate times. This result 
isn’t surprising since even the low microfracture permeability case assumes a higher 
permeability than the tight nanodarcy permeability matrix. The final cumulative production of oil 
is unchanged as well as the early time production response. Again, it appears that there is a 
threshold where decreasing the permeability of the microfractures will start to affect the amount 
of oil that the system is able to produce, but in this case it is a small effect. 
5.4.10 Apaydin Model Sensitivity Runs for Microfracture, Macrofracture, and Hydraulic 
Fracture Porosities (Oil Case) 
Please refer to Figure A-8, A-9, and A-10 in Appendix A for the sensitivity runs for the 
microfractrure, macrofracture, and hydraulic fracture porosities, respectively. These three cases 
were not shown because there was no notable difference in the cumulative oil production 
responses generated by the model. This is to be expected since the storage capacity of the matrix 
is so much more significant that the storage capacity of the fracture networks. 
5.4.11 Conclusions Regarding Apaydin’s Model Sensitvities (Oil Case) 
Overall, the responses of Apaydin’s dual porosity model to the various input parameters 
discussed in the previous sections were all to be expected. Again, the model was the most 
sensitive to the matrix porosity, with a ~148% increase in cumulative production for the high 
case and a ~78% reduction in the cumulative production for the low case. The sensitivity of the 
model to natural fracture spacing (~8% increase in cumulative production for the high case and a 
~36% reduction in the cumulative production for the low case) was not as significant as 
expected, but again there are three orthogonal fracture systems as well as the microfractured 
surface layer acting as flow conduits to the hydraulic fractures. Thus, once a certain threshold is 
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reached, the system cannot exploit the advantages of additional natural fractures. Please refer to 
Table B-4 in Appendix B for a summary of all of the sensitivity test results. 
 
 
Figure 5.30   Tornado Chart Showing Apaydin’s Dual Porosity Model Sensitivities for an Oil Well (Ranked Most 




Figure 5.31   Sensitivity Run for Matrix Porosity – Apaydin’s Dual Porosity Model, Oil Case 
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Figure 5.34   Sensitivity Run for Natural Fracture Spacing/Number of Natural Fractures – Apaydin’s Dual Porosity 














Figure 5.37   Sensitivity Run for Hydraulic Fracture Spacing/Number of Hydraulic Fractures – Apaydin’s Dual Porosity 




Figure 5.38   Sensitivity Run for Microfracture Permeability– Apaydin’s Dual Porosity Model, Oil Case 
 
5.5 Application of Economics to Quantify Sensitivity Test Results 
 In order to quantify the results of the sensitivity test that have been presented, a basic 
economic model was applied to each of the models. Using a variety of input variables, outlined 
in Table 5.4, and the cumulative oil/gas production results from the various sensitivity tests, a 
simple Net Present Value (NPV) is determined. This NPV can then be used to provide a real 
world measure of how significant these model sensitivities truly are.  As these models have been 
developed for unconventional tight shale oil/gas reservoirs, the various input parameters are 
consistent with current Eagle Ford economics. The drilling costs for the Eagle Ford were 
determined using a cost study from Cowan (2011) while the completion costs were determined 
using a statistics provided by the NARO (2011). The oil and gas prices as well as the operating 
costs were taken from EIA statistics (2010). Please note that the operating costs were altered to 
more accurately reflect horizontal wells. The NPV was determined using the following equation. 
For the hydraulic fracture spacing sensitivity cases, the completion costs were altered to reflect 
the fewer/greater number of hydraulic fractures. 
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Table 5.4   Summary of Input Parameters for Basic Economic Model 
Parameter Value Unit 
Drilling Costs 2,500,000 $ 
Cost Per Fracture 350,000 $/Fracture 
Completion (10 Hydraulic Fractures) Costs 3,500,000 $ 
Total Well Costs 6,000,000 S 
Gas Price 3.5 $/MCF 
Oil Price 90 $/STB 
Gas Operating Costs 3000 $/Month 
Oil Operating Costs 10,000 $/Month 
 
                                                                      
                                     
  
  Figure 5.39, below, shows how sensitive Apaydin’s dual porosity model is for a gas case 
once the basic economic model has been applied. The most significant change in the sensitivities 
is that now the hydraulic fracture spacing is now the most sensitive variable (947% decrease in 
the NPV for the high case and an 118% increase in NPV for the low case when compared to the 
base case NPV). This shows that although the hydraulic fracture spacing doesn’t really affect the 
cumulative production significantly, the cost of increasing the number of hydraulic fractures 
significantly overwhelms any revenue from the gas production. The next most important 
variables are the matrix porosity (297% decrease in NPV for the low case and an 744% increase 
in NPV for the high case) and the formation thickness (298% decrease in NPV for the low case 
and an 372% in NPV for the high case). Figure 5.40, also below, shows how sensitive Apaydin’s 
dual porosity model is for an oil case once the basic economic model has been applied. In this 
case, the order of the most sensitive variables remains unchanged. The two most sensitive 
variables are still the matrix porosity (159% increase in the NPV for the high case and an 84% 
decrease in NPV for the low case) and the formation thickness (107% increase in the NPV for 
the high case and an 86% decrease in NPV for the low case). In this case the hydraulic fracture 
spacing is not as significant as it was for the gas case. This is due to the fact that the increase 
value of the oil being produced is able to overcome the cost of adding more hydraulic fractures 




Figure 5.39   Summary of Net Present Value Analysis Sensitivity Results for Apaydin’s Dual Porosity Model, Gas Case 
 
 
Figure 5.40   Summary of Net Present Value Analysis Sensitivity Results for Apaydin’s Dual Porosity Model, Oil Case 
 Figure 5.41, below, shows how sensitive Al-Ahmadi’s triple porosity model is for a gas 
case once the basic economic model has been applied. The order of the most sensitive variables 
is unaltered. The most sensitive variable is the formation thickness with a 105% increase in the 
NPV for the high case and an 84% decrease in NPV for the low case when compared to the base 
case NPV.  The next most important variables are the matrix permeability (94% decrease in NPV 
for the low case and an 45% increase in NPV for the high case) and the natural fracture spacing 
(78% decrease in NPV for the low case and an 44% increase in NPV for the high case). Unlike 
Apaydin’s model, the amount of gas being produced according to Al-Ahmadi’s model is creating 
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enough revenue to overcome the cost of hydraulic fracturing. Figure 5.42, also below, shows 
how sensitive Al-Ahmadi’s triple porosity model is for an oil case once the basic economic 
model has been applied. In this case, the order of the most sensitive variables has changed 
slightly. The most sensitive variable is still the matrix permeability with an 1012% increase in 
NPV for the high case and an 88% decrease in NPV for the low case. However, the natural 
fracture spacing is now the next most sensitive variable (149% increase in the NPV for the high 
case and a 74% decrease in the NPV for the low case) while the formation thickness has dropped 
to the third most important variable (101% increase in the NPV for the high case and an 82% 
decrease in the NPV for the low case). Please refer to Appendix B, Tables B-7 and B-8 for more 
detailed NPV sensitivity results. 
 Therefore, as the final economics are the most important aspect of any project in the oil 
and gas industry, the NPV analysis described above has provided more real world conclusion 
about how sensitive these models are to certain variables. It was shown that the hydraulic 
fracture spacing could have a significant impact on the revenue from an unconventional well, 
depending on the amount and value of the hydrocarbons being extracted. In other words, 
although increasing the number of hydraulic fractures can increase the amount of gas being 
produced, the cost of adding those additional fractures can overcome any additional revenue. As 
all of the other variables are not affected by the cost of drilling/completing/operating a well, the 
sensitivity of the models to them remained unchanged for the most part.  
  
 




Figure 5.42   Summary of Net Present Value Analysis Sensitivity Results for Al-Ahmadi’s Triple Porosity Model, Oil Case 
 
5.6 Final Summary of Conclusions About the Sensitivities of the Two Models 
 Overall, both of the models reacted to the different input parameters as expected, aside 
from the matrix porosity cases for Al-Ahmadi’s model. It was found that both models are the 
most sensitive to the matrix properties and the thickness of the formation, which makes sense 
because it is the properties of the matrix that dictate the amount of oil/gas that is available for 
production.  In both oil and gas cases for each model, the natural fracture spacing and number of 









MATCHING THE TWO DIFFERENT ANALYTICAL MODELS 
 
This purpose of this chapter is to discuss the fundamental theoretical differences between 
Al-Ahmadi’s triple porosity model and Apaydin’s dual porosity model. First, the responses of 
each model with a base set of input parameters will be presented and compared. Then, a 
simplified version of Apaydin’s dual porosity model where the microfractured surface layer has 
been removed will be presented and compared to Al-Ahmadi’s triple porosity model. Steps taken 
to match these two models will then be discussed. Finally, conclusions about these two models 
will be made. 
 
6.1 Model Responses to Same Base Set of Input Parameters 
 This section shows how each of the two models responds to a base set of input 
parameters. These base parameters are outlined in Table 3.1 in Chapter 3 and Table 4.1 in 
Chapter 4. These base set of parameters represent the same size reservoir as well as the same 
rock and fluid properties and flow conditions for both of the models. Any differences between 
the base set of input parameters is caused by the model assuming different geometric layouts of 
the matrix blocks and fracture systems. These geometric layouts are discussed in Chapter 3 for 
Al-Ahmadi’s triple porosity model and Chapter 4 for Apaydin’s dual porosity model. Please 
refer to Figures 6.1 and 6.2, below, for the comparison between both the gas production 
responses and the cumulative gas production responses given by the two models, respectively. 
Also, please refer to Figures 6.3 and 6.4, below, for the comparison between both the oil 
production responses and the cumulative oil production responses given by the two models, 
respectively.  
The important take away from these comparison plots is that Al-Ahmadi’s model not 
only predicts a much greater initial production response, but also that it shows depletion takes 
two log cycles longer than Apaydin’s model. This fact also causes the cumulative production 
responses to be much greater for Al-Ahmadi’s model than they are for Apaydin’s model. For the 
gas cases, both models show that the response of the hydraulic fractures happens 




Figure 6.1   Gas Production Response Comparison Between Al-Ahmadi's Triple Porosity Model and Apaydin's Dual 
Porosity Model (Please refer to Table 3.3.1 for the base set of input parameters used for Al-Ahmadi's Model and Table 
4.4.1 for the base set of input parameters used for Apaydin’s dual porosity model) 
 
 
Figure 6.2   Cumulative Gas Production Response Comparison Between Al-Ahmadi's Triple Porosity Model and 
Apaydin's Dual Porosity Model (Please refer to Table 3.3.1 for the base set of input parameters used for Al-Ahmadi's 
Model and Table 4.4.1 for the base set of input parameters used in Apaydin’s dual porosity model) 
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Figure 6.3   Oil Production Response Comparison Between Al-Ahmadi's Triple Porosity Model and Apaydin's Dual 
Porosity Model (Please refer to Table 3.3.1 for the base set of input parameters used for Al-Ahmadi's Model and Table 
4.4.1 for the base set of input parameters used for Apaydin’s dual porosity model) 
 
 
Figure 6.4   Cumulative Oil Production Response Comparison Between Al-Ahmadi's Triple Porosity Model and 
Apaydin's Dual Porosity Model (Please refer to Table 3.3.1 for the base set of input parameters used for Al-Ahmadi's 
Model and Table 4.4.1 for the base set of input parameters used for Apaydin’s dual porosity model) 
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 On the other hand, the oil cases show a definite hydraulic fracture response during the 
very early times (1.0 E-3 to 3.0 E-3 days for Al-Ahmadi’s model and 1.0 E-3 to 1.0 E-2 days for 
Apaydin’s model). This is due to the increased viscosity of the oil causing it to take longer to 
flow through the system. Again, this hydraulic fracture response is followed by the natural 
fracture response (3.0 E-3 to 1.0 E5 days for Al-Ahmadi’s model and 1.0 E-2 to 1.0 E3 days for 
Apaydin’s model) and finally the matrix response (1.0 E5 to 1.0 E6 days for Al-Ahmadi’s model 
and 1.0 E3 to 1.0 E4 days for Apaydin’s model).  For all cases, the curvature of the matrix 
dominated fracture response is very similar, indicating that spherical matrix block assumption is 
equal to the slab matrix block when the fracture systems no longer dominate the flow in the 
system. 
It is also apparent from these oil/gas production plots that Apaydin’s model has an 
additional characteristic “dip” where the microfractured surface layer begins to dominate the 
flow in the system (1.0 E2 to 1.0 E3 days for oil and 1.0 E1 to 5.0 E2 days for gas). Obviously, 
since Al-Ahmadi’s model does not have this microfractured surface layer, the production 
response does not show this additional curvature. The presence of this additional feature makes 
any attempt at graphically matching the two models entirely subjective. Even if the 
permeability/porosity of the matrix blocks in Al-Ahmadi’s model were altered to incorporate that 
enhanced permeability/porosity of this microfractured surface layer, the model would still not 
show the additional curvature associated with it. This being the case, the following section will 
present a simplified version of Apaydin’s model where the microfractured surface layer has been 
eliminated. This allows the two models to have the same three porous regions. Without this 
microfractured surface layer, a match between Al-Ahmadi’s triple porosity model and the 
simplified version of Apaydin’s dual porosity model is less subjective. 
 
6.2 Overview of Simplified Version of Apaydin’s Dual Porosity Model 
The simplified version of Apaydin’s dual porosity model incorporates all of the same 
assumptions stated in Chapter 4, including the use of the trilinear-flow model to describe how 
hydrocarbons flow in the system. The only difference is that this model eliminates the 
microfractures surface-layer on the matrix blocks. This simplified model was originally 
presented as an improvement to the trilinear flow model by Ozkan et al. (2010). To incorporate 
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this change to Apaydin’s dual porosity model, the following equations were changed. To begin, 
the transfer function for the system,     , is defined in Laplace space as 
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 where the dimensionless dual porosity storativity ratio, , for the system is defined as 
 
     
        
        
 
 
 and the dimensionless dual porosity flow capacity ratio,  , for the system is defined as 
 
     
        
 
      
    
 
 where 
       – total compressibility of the matrix (psi
-1
) 
       – total compressibility of the macrofractures (psi
-1
) 
      – macrofracture thickness (ft) 
      – macrofracture permeability (md) 
      – matrix permeability (md) 
     – dimensionless dual porosity flow capacity ratio 
     – dimensionless dual porosity storativity ratio 
      – macrofracture porosity (fraction) 
      – matrix porosity (fraction) 
      – matrix block radius (ft) 
      – hydraulic fracture half-length (ft) 
 
  Once the transfer function for the system,     , has been defined in Laplace space, one 
can simply plug it into the equation for the dimensionless wellbore pressure, ̅   , presented in 
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Chapter 4. From there, the same procedure for calculating the oil/gas production response 
outlined in Chapter 4 can be used. Figure 6.5, below, shows a comparison between Apaydin’s 
model with and without the microfractured surface layer for a gas case. The base set of input 
parameters, outlined in Table 4.1, was used to generate these model responses. Figure 6.6, also 
below, shows a comparison between Apaydin’s model with and without the microfractured 
surface layer for an oil case. The base set of input parameters, also outlined in Table 4.1, was 
used to generate these model responses, but the viscosity was changed to 1.2 cp. In both oil and 











Figure 6.6   Comparison of Apaydin's Dual Porosity Model With and Without the Microfractured Surface Layer for an 
Oil Case 
 
To further improve the similarity between the two models, steps were taken to prove that 
the assumption of the spherical matrix blocks is equivalent to assuming slab matrix blocks of the 
same volume (Ozkan et al., 2010).  In order to make the volumes of the two matrix assumptions 
equivalent, the following changes were made to the equations used to calculate the dimensionless 
wellbore pressure in Laplace space, ̅  . First, the transfer function for the system,     , was 
defined as 
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    √




where the dimensionless flow capacity ratio of the system,  , is defined as 
   
        
 
      
  
 
and the dimensionless storativity ratio of the system,  , is defined as 
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Furthermore, the thickness of the slab matrix block,     is defined as 
 
    




and therefore the new equivalent formation thickness,   , is now defined as 
 
      (     ) 
 
where the newly defined terms are: 
   – equivalent formation thickness for slab matrix assumption (ft) 
   – slab matrix block thickness (ft) 
       – number of macrofractures/matrix blocks in the system 
  
  As presented in Ozkan et al.’s paper (2010), Figure 6.7, below, shows the pseudopressure 
drop and the logarithmic derivative response generated by the simplified dual porosity, trilinear-
flow model for both spherical matrix and slab matrix assumptions. It can be seen that the two 
responses are identical to each other, indicating that the slab model has been effectively equated 
to the spherical matrix model.  
 
 
Figure 6.7   Pseudopressure Drop and Logarithmic Derivative Response Generated By Simplified Dual Porosity, 
Trilinear-Flow Model for Both Slab and Spherical Matrix Assumptions (Ozkan et al., 2010) 
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6.3 Steps Taken to Match Al-Ahmadi’s Triple Porosity Model to Simplified Version of 
Apaydin’s Dual Porosity Model  
 The first step that was taken to match Al-Ahmadi’s triple porosity model to the simplified 
version of Apaydin’s dual porosity model was to make the same changes to the slab matrix block 
dimensions and formation thickness that were made to volumetrically equate the spherical matrix 
block to the slab matrix blocks in Apaydin’s simplified dual porosity model, described above. 
Therefore, the slab matrix block thickness in Al-Ahmadi’s model was changed from 12.5 to 
4.167 feet while the formation thickness was changed from 250 to 83.34 feet. All other input 
parameters, outlined in Table 3.1 were used to generate the gas and oil production responses. 
Figures 6.8 and 6.9, below, show the comparison between the Apaydin’s dual porosity model 
without the microfractured surface layer and Al-Ahmadis triple porosity model with the changes 




Figure 6.8   Comparison Between Apaydin's Dual Porosity Model Without Microfractured Surface Layer and Al-




Figure 6.9   Comparison Between Apaydin's Dual Porosity Model Without Microfractured Surface Layer and Al-
Ahmadi's Model with Equivalent Matrix Block Thickness and Formation Thickness for a Gas Case 
 
Although it appears that the response of Al-Ahmadi’s triple porosity model is now closer 
to response of Apaydin’s dual porosity model without the microfractured surface layer, it is 
apparent that modifications to the matrix block thickness and formation thickness were not 
enough to get a decent match. Through trial and error, it was found that the following 
modifications needed to be made to Al-Ahmadi’s model in order to get a good match.
 However, it is important to note that the match is still subjective. 
 
 The thickness of the slab matrix blocks,     , had to be defined as 
 
        




  The equivalent formation thickness,   , was still defined as 
  
        (         ) 
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 But, the number of microfractures(natural fractures),     , had to be defined as 
 
      




 And the thickness of the microfractures(natural fractures),     , had to be defined as 
follows to equate the microfracture(natural fracture) volume with the macrofracture 
volume assumed in Apaydin’s model. 
 
      




 where  
     – equivalent formation thickness for Al-Ahmadi’s model 
      – macrofracture thickness used in Apaydin’s simplified model 
     – microfracture(natural fracture) thickness used in Al-Ahmadi’s model 
     – matrix block thickness used in Al-Ahmadi’s model 
    – number of macrofractures assumed in Apaydin’s simplified model 
     – number of microfractures(natural fractures) assumed in Al-Ahmadi’s 
model 
    – spherical matrix block radius used in Apaydin’s simplified model 
 
 Furthermore, the dimensionless time in Apaydin’s model was adjusted as follows to be 
more consistent with Al-Ahmadi’s model. 
 
    
            
(                   ) 
 
 
Figures 6.10, below, shows the match between Al-Ahmadi’s model with the 
modifications stated above and the simplified version of Apaydin’s dual porosity model without 
the microfractured surface layer for a gas case. It is apparent that there is a good match 
throughout the majority of the time range. The response of the natural fractures is slightly 
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stronger for Al-Ahmadi’s model during the early times while the matrix response is slightly 
stronger for Apaydin’s simplified dual porosity model at late times. It is interesting how even 
when the number of natural fractures is reduced by a factor of 4, the initial fracture system 
response is still stronger in Al-Ahmadi’s model, which assumes one microfractrue system rather 
than the three orthogonal macrofracture systems assumed by Apaydin’s model.  
 
 
Figure 6.10   Comparison Between Matched Al-Ahmadi's Model and Apaydin's Dual Porosity Model Without the 
Microfractured Layer for a Gas Case 
 
 
Figure 6.11   Comparison Between Matched Al-Ahmadi's Model and Apaydin's Dual Porosity Model Without the 
Microfractured Layer for an Oil Case 
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Figures 6.11, above, shows the match between Al-Ahmadi’s model with the 
modifications stated above and the simplified version of Apaydin’s dual porosity model without 
the microfractured surface layer for an oil case. Again, it is apparent that there is a good match 
between the two models for the majority of the time range represented in the plot. However, the 
response of the hydraulic fractures is still much more significant for Al-Ahmadi’s model, despite 
the major modifications that were made to the matrix and formation thicknesses. This is most 
likely due to that fact that Al-Ahmadi’s model represents the hydraulic fractures as part of the 
fracture network rather than representing them as a set of discrete finite conductivity fractures 
that individually feed into the horizontal wellbore as Apaydin’s model assumes.  
 
6.4 Final Conclusions Regarding the Matching of Al-Ahmadi’s Triple Porosity Model and 
Apaydin’s Dual Porosity Model 
 Initially, when the two models were compared in their original form, it was found that 
any match between the two models would be entirely subjective, mainly due to the additional 
curvature created by the microfractured surface layer in Apaydin’s model. However, even with 
the modifications outlined in section 6.2 and the microfractured surface layer removed from 
Apaydin’s model, the two models still did not come close to matching. When they were matched, 
the necessary modifications to Al-Ahmadi’s model had to be found through trial and error and 
with no apparent mathematical reasoning behind them. 
 
 This being the case, it is apparent that the two models are fundamentally different and 
give different responses. Although it appears that the two models have similar underlying 
assumptions, the flow of hydrocarbons through the system is simply too different to achieve a 
reasonable match between the two models without making drastic changes to one of the models. 
The main difference is not due to the assumption of spherical matrix blocks, but the geometric 
layout of the natural fracture networks and the hydraulic fractures. In Al-Ahmadi’s model, the 
microfractures and the hydraulic fractures are orthogonal to each other and extend through the 
entire thickness of the reservoir. Conversely, each spherical matrix block in Apaydin’s model is 
surrounded by three orthogonal natural fracture systems. On top of that, assuming that the 




SUMMARY OF RESULTS, CONCLUSIONS, AND RECOMMENDATIONS 
 
The purpose of this research was to investigate how sensitive two current analytical 
models for unconventional shale oil/gas wells are to a variety of input parameters. Furthermore, 
the differences between the two models were investigated and an attempt to match them was 
made. The following two sections will summarize the conclusions of these two inquiries. 
 
7.1 Summary of Sensitivity Test Results for Each Model 
 Upon investigation, the following conclusions were made regarding the sensitivity of Al-
Ahmadi’s triple porosity model to the various input parameters outlined in Table 5.1 for both oil 
and gas cases. For the most part, these responses were expected.  
1. In both cases, the model was the most sensitive to the matrix permeability 
(~100% (gas) and ~991% (oil) increase in cumulative production for high case 
and ~80% (gas) and ~87% (oil) decrease in cumulative production for the low 
case) and formation thickness (~43% (gas) and ~100% (oil) increase in 
cumulative production for high case and ~90% (gas) and ~80% (oil) decrease in 
cumulative production for the low case). This is not surprising since these two 
parameters ultimately dictate the size of the reservoir and how easily oil/gas is 
able to flow out of the ultra-tight matrix blocks. 
2. The presence of natural fractures is very important (~43% (gas) and ~146% (oil) 
increase in cumulative production for high case and ~74% (gas) and ~73% (oil) 
decrease in cumulative production for the low case), but the model is less 
sensitive to the amount of natural fracturing that it is to matrix permeability and 
formation thickness. 
3. Changing the microfracture and hydraulic fracture porosity had very little effect 
on the final amount of gas that was produced, but did effect the time it took for 
the system to reach its production limit. 
4. While changing the matrix permeability had a significant impact on the time it 
took for the system to reach its production limit, no substantial effect was seen 
when the microfracture and hydraulic fracture permeabilities were changed. 
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5. The results of changing the matrix porosity were counter intuitive, indicating 
lower matrix porosity leading to higher production rates and vice versa. 
6. Changing the hydraulic fracture spacing/number of hydraulic fractures in the 
system merely acted to change how quickly the system was able to reach its 
absolute production limit. 
7. Additional test cases were run for the gas model where the most important 
parameter, the formation thickness, was set to either 50 feet or 500 feet in the base 
case. The results of these test cases showed that the model was just as sensitive to 
other variables in terms of the percentage difference in the cumulative production. 
However, the magnitude of the cumulative production differences changed to 
reflect the altered reservoir volume. 
Furthermore, the following conclusions were made regarding the sensitivity of Apaydin’s 
dual porosity model to the various input parameters outlined in Table 5.1 for both oil and gas 
cases. Overall, these responses were expected. 
1. The model was the most sensitive to the matrix porosity (~200% (gas) and ~148% 
(oil) increase in cumulative production for high case and ~80% (gas) and ~78% 
(oil) decrease in cumulative production for the low case) and the formation 
thickness (~100% (gas) and ~100% (oil) increase in cumulative production for 
high case and ~80% (gas) and ~80% (oil) decrease in cumulative production for 
the low case). Again, this is to be expected since these  properties ultimately 
dictate the amount of gas stored in the reservoir. 
2. The natural fracture spacing/number of natural fractures assumed in the model 
was the fourth most sensitive parameter with ~0.1% (gas) and ~8.3% (oil) 
increase in cumulative production for high case and ~0.1% (gas) and ~36% (oil) 
decrease in cumulative production for the low case. Changing the properties of 
the natural fracture network merely changed the time it took for the system to 
reach its absolute production limit.  
3. The hydraulic fracture spacing/number of hydraulic fractures being assumed in 
the system had the same effect as the natural fracture spacing/number of natural 
fractures, but to a less significant degree.  
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4. The porosity of the microfractures, macrofractures, and hydraulic fractures had no 
effect on the oil/gas production response. 
5. The permeability of the microfractures, macrofractures, and hydraulic fractures 
also only affected the time it took for the models to reach their absolute 
production limits, but to a lesser degree than the assumed geometries of the 
natural/hydraulic fractures. 
6. Again, additional test cases were run for the gas model where the most important 
parameter, the matrix porosity, was set to either 1% or 15% in the base case. The 
results of these test cases showed that the model became slightly more sensitive 
sensitive to other variables in terms of both the magnitude and the percentage 
difference in the cumulative production.   
 Additionally, a basic NPV analysis was done using some Eagle Ford cost data and the 
cumulative production results from the sensitivity runs in order to quantify the results in more 
real world terms. For the most part, the economic sensitivity analysis mirrored the results that 
were seen for the cumulative production analysis. However, in cases where the hydraulic fracture 
spacing was altered, it was shown that there is in fact a point where the additional production 
generated from adding fractures can be overwhelmed by additional hydraulic fracturing costs. 
Overall, the sensitivities shown for the two models were to be expected. The natural 
fracture network geometry did not have as significant of an impact on the oil/gas production 
response as a few other parameters, however, if these natural fractures were removed from the 
system entirely, the oil/gas production would be reduced significantly. This point is illustrated in 
Figure 7.1, below, by depicting the result of Apaydin’s dual porosity model with the natural 
fractures (micro and macrofractures) removed entirely. For example, at one day the production 
of the model without natural fractures is only 1 MMSCF/D while the model with natural 
fractures is 200 MMSCF/D. This was achieved by setting the transfer function for the entire 
system, f(s), to 1. In addition, it was found that the flow capacity of the matrix blocks ultimately 





Figure 7.1   Comparison of Apaydin's Model With and Without Natural Fractures (Microfractures and Macrofractures) 
 
7.2 Conclusions Regarding the Two Models 
 Despite several alterations to both of the models to make them equivalent, it was shown 
that any match between them would be very subjective. Through this investigation, it became 
apparent that the models are simply too fundamentally different to generate a unique match 
between them under reasonable circumstances. It was shown that the main reason behind the 
difference in the two models is different assumptions being made about the geometric layouts of 
the natural fracture networks as well as how the hydraulic fractures are incorporated into the 
model. Figures 7.2 and 7.3 below show three dimensional graphical representations of the natural 
fracture networks assumed by Al-Ahmadi’s triple porosity model and Apaydin’s dual porosity 
model, respectively (Bello, 2009). If one can picture the black center line in Figure 7.2 as a 
hydraulic fracture in Al-Ahmadi’s model, it can be observed that the slab matrix blocks are 
separated by vertical natural fractures of a predetermined height, length, and width. Conversely, 
if one visualizes the black center line in Figure 7.3 as a hydraulic fracture in Apaydin’s model, 
once can see that the matrix blocks are divided by three separate orthogonal matrix systems of a 
predetermined height, length, and width. Furthermore, the radius of the sphere in the model 
dictates the height of each matrix block. Therefore, the height of the reservoir is determined by 
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summing the number of matrix blocks in the vertical direction. It is these fundamental 
differences that cause the responses of the two models to differ significantly. 
 
 





Figure 7.3   Three Dimensional Graphical Representation for One Hydraulic Fracture in Apaydin’s Dual Porosity Model 
  
 Fracture characteristics dominate the flow of hydrocarbons through shale reservoirs. By 
assuming different geometric layouts, the hydrocarbons flow through the reservoir and to the 
wellbore at different rates. Therefore, despite the fact that the two models appeared to be only 
slightly affected by the change in there assumed natural fracture network characteristics, it is 
apparent that assuming entirely different geometric layouts of the fracture networks does indeed 
play a major role in how much and how fast oil/gas is able flow through shale reservoirs. When 
considering applying these models to real fields, the natural fracture characterization of the field 
needs to be considered. If the field has three orthogonal sets of conductive natural fractures, 
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Apaydin’s model may be more appropriate. Conversely, if the field has fracture sets in only one 
direction dominating the flow behavior, then a model like Al-Ahmadi’s may be more realistic. 
Furthermore, with the application of the economic model, it became apparent that the most 
important parameters dictating the recovery of hydrocarbons and ultimately the revenue from a 
well were reservoir characteristics that operators have no control over. The only important 
parameter that operators have control over is the spacing of the hydraulic fractures. Since 
hydraulic fracturing treatments can be extremely costly, these two models can be used to 
determine what degree of hydraulic fracturing is appropriate to maximize the profit from a single 
well. 
 
7.3 Recommendations for Future Work 
 The following items are recommended for future work. 
1. More test cases could be run for each input parameter for the model sensitivity 
investigations to pinpoint the many thresholds that were discussed in Chapter 5 
where decreasing the value of a given parameter starts to significantly affect the 
productivity of the system. 
2. As Apaydin’s dual porosity spherical model assumes a natural fracture geometry 
more similar to the block model, first published by Warren and Root, it would be 
interesting to see how substituting the slab matrix geometry in Al-Ahmadi’s triple 
porosity model for a block matrix geometry would affect the oil/gas production 
response. 
3. Al-Ahmadi’s thesis describes fracture functions for three other combinations of 
transient and pseudosteady flow regimes for the triple porosity model. It would be 
interesting to see if any of these combinations more closely resemble the oil/gas 
production response generated by Apaydin’s model. 
4. Real data comparisons to not only validate the two models but also to see if one 




Symbol Definition Unit 
Acw Cross-Sectional Area to Flow ft
2
 
B Formation Volume Factor of Oil RB/STB 
CFD Dimensionless Fracture Conductivity - 
ctf Macrofracture Total Compressibility psi
-1
 
ctF Total Compressibility of Macrofractures (Hydraulic Fractures) psi
-1
 
ctF Hydraulic Fracture Total Compressibility psi
-1
 
ctm Total Compressibility of the Matrix psi
-1 
ctmf Microfracture Total Compressibility psi
-1
 
ctO Outer Reservoir Total Compressibility psi
-1
 
ctt Total Compressibility of Entire System psi
-1
 
CRD Dimensionless Reservoir Conductivity - 
hf Macrofracture Thickness ft 
h Formation Thickness ft 
hi Inner Reservoir Formation Thickness ft 
hmf Microfracture Thickness ft 
hmfD Dimensionless Microfracture Thickness - 
hmm Surface-Layer Matrix Thickness ft 
hmmD Dimensionless Surface-Layer Matrix Thickness - 
kf Macrofracture Permeability md 
kF Hydraulic Fracture Permeability md 
ki Inner Reservoir Permeability md 
km Matrix Permeablity md 
kmf Microfracture Permeability md 
kO Outer Reservoir Permeability md 
λ Flow Capacity Ratio, Transmissivity - 
λm Surface-Layer Flow Capacity Ratio - 
       




       
Dimensionless Interporosity Flow Parameter between Microfractures 
and Matrix 
- 
L Characteristic Length ft 
Lf Microfracture Spacing ft 
LF Macrofracture Spacing ft 




μ Fluid Viscosity cp 
nf Number of Macrofractures/Matrix Blocks - 
nF Number of Hydraulic Fractures - 





ηFD Hydraulic Fracture Diffusivity Ratio - 










ηmfDi Matrix-Surface Fracture Diffusivity Ratio - 





ηOD Outer Reservoir Diffusivity Ratio - 
ω Storativity Ratio - 
ωf Dimensionless Storativity Ratio for Microfractures - 
ωF Dimensionless Storativity Ratio for Macrofractures - 
ωm Dimensionless Storativity Ratio for Matrix (Al-Ahmadi) - 
ωm Surface-Layer Storativity Ratio (Apaydin) - 
ϕf Microfracture Porosity (Al-Ahmadi) fraction 
ϕf Macrofracture Porosity (Apaydin) fraction 
ϕF Macrofracture Porosity (Al-Ahmadi) fraction 
ϕF Hydraulic Fracture Porosity (Apaydin) fraction 
ϕm Matrix Porosity fraction 
ϕmf Microfracture Porosity (Apaydin) fraction 
ϕO Outer Reservoir Porosity fraction 
Φt Total System Porosity fraction 
pi Initial Reservoir Pressure psi 
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pwf Flowing Wellbore Pressure psi 
    Dimensionless Gas Flowrate - 
   ̅̅ ̅̅̅ Dimensionless Gas Flowrate (Laplace Space) - 
qg Gas Flowrate Mscf/D 
qo Oil Flowrate STB/D 
qwD Dimensionless Gas Flowrate at Wellbore - 
   ̅̅ ̅̅ ̅ Dimensionless Gas Flowrate at Wellbore (Laplace Space) - 
rm Matrix Block Radius ft 
rmc Matrix-Core Radius ft 
rmcD Dimensionless Matrix-Core Radius - 
rmD Dimensionless Matrix Block Radius - 
rw Wellbore Radius ft 
s Laplace Transform Parameter - 
Sc Flow Choking Skin - 
Sm Mechanical Skin - 
t Time  Days 
T Reservoir Temperature °R 
tD Dimensionless Time - 
tDAcw Dimensionless Time Based on Acw and kF - 
Vf 
Dimensionless Bulk Volume Fraction of Microfractures (Natural 
Fracture) 
- 
VF Dimensionless Bulk Volume Fraction of Macrofractures  - 
Vm Dimensionless Bulk Volume Fraction of Matrix - 
Vt Dimensionless Bulk Volume Fraction of Entire System - 
wD Dimensionless Hydraulic Fracture Width - 
wf Microfracture Width (Al-Ahmadi) ft 
wF Macrofracture Width (Al-Ahmadi) ft 
wF Hydraulic Fracture Width (Apaydin) ft 
wm Matrix Block Width ft 
xD Dimensionless Drainage Area Length - 
xe Drainage Area Length ft 
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xeD Dimensionless Reservoir Size in x-Direction - 
xF Hydraulic Fracture Half-Length ft 
yDe Dimensionless Drainage Area Half-Width - 
ye Drainage Area Half-Width (Al-Ahmadi) ft 
ye Inner Reservoir Size (Apaydin) ft 
yeD Dimensionless Inner Reservoir Size in y-Direction - 
z Distance from Half Microfracture Spacing ft 
zD Dimensionless Distance from Half Microfracture Spacing - 
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ADDITIONAL SENSITIVITY RUNS FOR BOTH MODELS 
 
 The sensitivity run plots presented in this appendix cover the cases where there was no 
significant effect on the cumulative oil/gas production response generated by either Al-Ahmadi’s 
triple porosity model or Apaydin’s dual porosity model. Although the effect of these test cases 
on the production responses were insignificant, these plots are still presented to ensure that this 












Figure A-3   Sensitivity Run for Macrofracture Permeability - Al-Ahmadi's Triple Porosity Model, Oil Case 
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Figure A-5   Sensitivity Run for Microfracture Porosity – Apaydin’s Dual Porosity Model, Gas Case 
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Figure A-7   Sensitivity Run for Hydraulic Fracture Porosity – Apaydin’s Dual Porosity Model, Gas Case 
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Figure A-9   Sensitivity Run for Macrofracture Porosity – Apaydin’s Dual Porosity Model, Oil Case 
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Figure A-10   Sensitivity Run for Hydraulic Fracture Porosity – Apaydin’s Dual Porosity Model, Oil Case 
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APPENDIX B 
SUMMARY TABLES FOR SENSITIVITY RUN RESULTS FOR BOTH MODELS 
 
 The tables provided in this appendix provide all of the sensitivity run results for both Al-
Ahmadi’s triple porosity model and Apaydin’s dual porosity model. Tables B-1 to B-4 provide 
the results in terms of cumulative production while Tables B-5 to B-8 provide the results in terms 
of Net Present Value, or NPV. Additionally, Tables B9 to B12 present the cumulative production 
results for the additional sensitivity cases that were run for the two gas models.  
Table B-1   Summary of Cumulative Production Results for Sensitivity Cases for Al-Ahmadi’s Triple Porosity Model, Gas 
Case 
 
















Table B-6   Summary of Net Present Value Results for Sensitivity Cases for Al-Ahmadi’s Triple Porosity Model, Oil Case 
 
 
Table B-7   Summary of Net Present Value Results for Sensitivity Cases for Apaydin’s Dual Porosity Model, Gas Case 
 
 
Table B-8   Summary of Net Present Value Results for Sensitivity Cases for Apaydin’s Dual Porosity Model, Oil Case 
 
 
Table B-9   Summary of Cumulative Production Results for Additional Sensitivity Cases for Al-Ahmadi’s Triple Porosity 




Table B-10   Summary of Cumulative Production Results for Additional Sensitivity Cases for Al-Ahmadi’s Triple 
Porosity Model, Gas Case with High Formation Thickness as the Base Case 
 
 
Table B-11   Summary of Cumulative Production Results for Additional Sensitivity Cases for Apaydin’s Dual Porosity 
Model, Gas Case with Low Matrix Porosity as the Base Case 
 
 
Table B-12   Summary of Cumulative Production Results for Additional Sensitivity Cases for Apaydin’s Dual Porosity 
Model, Gas Case with High Matrix Porosity as the Base Case 
 
 
